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INTRODUCTION 

This  paper  describes  a  miniaturized  flow  mode  (laminar  - 
turbulent  flow)  amplifier  and  its  application  in  integrated 
fluidic  circuits. 

Power  consumption,  response  time,  pressure  recovery,  operating 
range,  temperature  effects  and  interconnections  are  discussed. 

Miniaturization  offers  distinct  advantages  in  cost  and  packaging 
density,  in  addition  to  higher  speed  capability  and  reduced 
power  consumption. 

An  integrated  circuit  assembly  is  shown  in  Figure  1(a)  and 
an  exploded  view  in  1(b).  Individual  parts  are  accurately 
located  on  tooling  pins,  and  sandwiched  between  aluminum 
end  plates  by  means  of  a  single  nut  on  a  threaded  manifold. 

A  2.5"  diameter  formed  aluminum  cover  provides  protection 
against  ambient  contamination.  While  the  entire  system  is 
protected  by  a  .1  micron  filter,  an  additional  25  micron 
nylon  filter  protects  the  module  during  handling.  This 
filter  is  located  inside  the  supply  manifold. 

In  the  photographs  of  Figure  1,  a  total  of  84  amplifiers 
are  integrated  into  an  8- in 3  package,  yielding  a  packaging 
density  of  about  .l-in3  per  amplifier. 

The  improved  packaging  density  over  an  identical  handwirjd 
circuit  is  best  illustrated  in  Figure  2.  The  particular 
circuit  is  a  1-decade  binary  coded  decimal  down  counter, 
complete  with  numerical  display,  such  as  used  in  fluidic  batch 
controllers. 


The  amplifier  discussed  is  an  improved,  miniaturized  version 
of  the  flowmode  amplifier  described  in  Reference  (1). 


The  amplifier  is  digital,  of  the  flowmode  (laminar 
turbulent  flow)  type.  See  Figure  3* 


Pressure  recovery  at  the  collector  of  a  laminar  jet  produced 
by  the  emitter  yields  a  "l"  in  the  "on"  state,  typically 
15-inches  of  water. 


A  control  port  signal  of  about  4- inches  of  water  pressure 
and  10  cc/minute  flow  induces  turbulence  with  a  resultant 
pressure  recovery  of  less  than  .3  inches  of  water  in  the 
f,0"  or  "off"  state.  The  amplifier  has  a  fan-in  of  4. 


The  amplifiers  are  arranged  in  a  radial  array  of  12  as  shown 
in  Figure  4,  injection  molded  of  ABS. 

With  molding  parameters  held  within  practical  limits,  the 
discs  are  mass  produced  with  very  uniform  results. 

1 _. _ Power  Consumption 

Amplifier  power  consumption  is  usually  expressed  as, 

power  consumption  =  QsAp 

where  Qs  ^  mass  flowrate 

Ap  emitter  pressure  drop. 

With  a  relatively  short  emitter  (ls/ds  =  28)  and  Reynolds 

number  (Re  =  5l_^!L£_)  ranging  from  700  to  1232,  the  emitter 
velocity  profile^  is  nearly  fully  developed,  and  the  emitter 
pressure  drop,Apj  is  given  by  Langhaar  (Reference  2)  as, 

Ap  =  cx.  (  1z  pii*J 

where  Ot  -  f ( js  ) 
dsRe 

P  =  fir  density 
ura  -  average  emitter  velocity 
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The  emitter  pressure  flow  curve  is  shown  in  Figure  5.  If*  is 
seen  that,  typically,  power  consumption  is  25  milliwatt  (at 
1.5  psig)  which  compares  very  favorably  with  any  other 
commercially  available  fluid  amplifier. 

An  important  conclusion  may  be  drawn  simply  if  it  is  momentarily 
assumed  that  the  emitter  length  is  Just  sufficiently  long  to 
produce  a  fully  developed  velocity  profile.  Then, 

Ap  =  32h1s  -  2.3  (l/2pu«2) 

from  which  it  can  be  easily  shown  that 

Qe  Ap  Re^ 

Since  a  minimum  critical  Reynolds  number  exists  below  which 
the  Jet  cannot  te  made  turbulent  (Reference  3»  power 
consumption  has  a  definite  lower  limit  for  this  type  of  device. 

2.  Response  Time 

Response  time  for  a  particular  circuit  is  govemid  by  amplifier 
response  characteristics,  interconnecting  line  lengths  and 
circuit  complexity. 

Circuit  complexity  and  configuration  are  the  basic  restraints 
on  speed.  An  8  amplifier  binary  counter  stage  has  been  cycled 
up  to  550  cps,  with  maximum  speed  of  a  55  amplifier  counter 
at  160  cps. 

Amplifier  Response 

Neglecting  transient  delays  and  considering  only  amplifier  "on" 
and  "off"  transport  delays  as  defined  in  Figure  6,  the  pertinent 
terminology  is  shown  in  Figure  7.  Refer  to  Ref.  5  for  further  details. 

The  emitter  flow  exits  into  a  constant  velocity  core,  Xc, 
beyond  which  the  Jet  flow  is  fully  developed  and  the  center- 
line  velocity  decays  in  inverse  proportion  to  the  distance 
from  the  virtual  origin,  X  +  X0.  (Reference  5*6). 

Transport  delays  are  based  on  laminar  transport  times, 
following  W.  Hayes  (Reference  i,)* 
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Total  transport  time.  At,  is  the  sum  of  core  and  developed 
jet  delays  and  is  given  in  Reference  5  as, 


Calculated  values  of  At  as  a  function  of  supply  pressure  are 
shown  in  Figure  8  and  Table  I. 

Measurements  of  above  response  time  using  the  smallest 
pressure  probes  available  confirmed  these  values  only  in 
a  general  way.  Large  corrections,  in  the  order  of  .1  to  .2 
msec.,  were  necessary  to  account  for  acoustic  delays  in  probe 
connecting  lines. 

Oscilloscope  traces  using  a  Kistler  probe  at  the  control  and 
a  hot  wire  at  a  collector  cross-section  are  shown  in  Figure  9. 

3.  Pressure  Recovery 

Pressure  recovery  is  an  important  characteristic,  determining 
fan-out  capability,  and  compatibility  with  other  amplifiers 
and  output  devices.  A  minimum  fan-out  of  4  is  available. 

Pressure  recovery  data  for  the  amplifier  is  shown  in  Figure  10, 
where  the  experimental  points  represent  the  full  range  of  data 
for  12  amplifiers  molded  in  a  single  plastic  disc,  2-inches 
in  diameter. 

No  theoretical  pressure  recovery  information  is  available  on 
Jets  issuing  from  a  parabolic  cross-section  type  of  channel, 
and  bounded  entirely  by  a  flat  cover  plate.  However,  it  is 
valuable  to  compare  the  data  with  experimental  and  theoretical 
work  done  on  tubular  turbulence  amplifiers  (Reference  6,  7,  8). 

The  experimental  data  is  not  unexpectedly  somewhat  below  tnat 
predicted  for  the  open,  tubular  turbulence  amplifier  because 
of  the  cover  plate's  proximity  to  the  Jet's  boundary. 

What  is  of  particular  interest  is  the  fact  that  for  practical 
purposes,  the  theoretical  results  provide  reasonable  pressure 
recovery  estimates  for  the  bounded  Jet. 
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Collector  characteristics  for  a  loaded  amplifier  are  shown 
in  Figure  11. 

4.  Operating  Pressure  Range 

Operating  pressure  range,  at  room  temperature,  is  from  1.0  to 
2.5  psig,  the  low  limit  determined  by  collector  and  control 
port  characteristics,  with  negligible  pressure  drop  in 
connecting  lines. 

The  high  limit  is  established  by  the  maximum  Reynolds  number 
at  which  the  collector  still  sees  a  laminar  stream. 

As  Figure  12  shows,  the  maximum  Reynolds  number,  Rem0LX  a 

fairly  weak  function  of  emitter  length,  being  about  1256  for 
the  present  amplifier  with  an  emitter  length  to  diameter 
ratio  of  28.  The  emitter  is  of  (approximately)  parabolic  cross- 
section,  about  .0102  in.  wide  and  .0078  in.  deep.  The  cross- 
sectional  area  was  obtained  by  placing  a  grid  overlay  over  an 
enlarged  photo  of  a  thin  slice  of  material  containing  the 
cross-section  and  counting  squares.  The  emitter  diameter,  ds, 
is  an  equivalent  diameter,  based  on  the  above  cross-sectional 
area. 

Long  emitters  tend  to  dampen  out  disturbances  in  the  supply  flow 
and  allow  the  laminar  jet  greater  reach  before  spontaneously 
breaking  up  into  turbulent  flow.  Long  emitters  also  aid  in 
establishing  paraboloidal  velocity  profiles,  producing 
Inherently  more  stable  jets  than  uniform  profiles. 

However,  since  Remax.  is  only  lightly  dependent  on  emitter 
length,  the  packaging  density  was  considerably  improved  by 
keeping  the  emitter  as  short  as  possible,  in  this  case  28 
diameters . 

It  is  seen  that  the  "peak  out"  Reynolds  number  for  various 
planar  devices  fall  below  the  data  for  the  open  turbulence 
amplifier  (Reference  6).  Excellent  alignment  of  emitter  and 
collector  in  the  planar  amplifiers  is  offset  by  the  need  for  a 
jet  enclosure.  It  is  easily  demonstrated  that  even  though  a 
shroud  shields  the  amplifier  from  ambient  noise,  the  maximum 
operating  Reynolds  number  is  somewhat  reduced  also. 

5.  Temperature  Effects 

Supply  Air  -  Temperature  changes  in  the  air  supply  affect 
response  time  and  operating  pressure  range. 

The  dynamic  viscosity  of  air ,  fi  ,  varies  with  absolute 
temperature,  T,  as  r 

n  ■  '  7 

while  the  density  variation  is. 


8 


In  order  to  maintain  a  constant  Reynolds  number,  the  operating 
pressure  (Figure  1?)  must  be  varied  as  t2.  Amplifier  response 
time  varies  then  as  emitter  velocity,  as  follows : 

At  **  t3/2 

Ambient  Temperature  Changes 

Since  the  components  in  the  assembly  have  different  co¬ 
efficients  of  expansion,  bi-metal  discs  are  used  which  main¬ 
tain  a  constant  compressive  load  on  the  assembly  under 
varying  ambient  temperatures. 

6.  Interconnections 


Interconnections  between  amplifiers  consist  of  .015"  wide 
channels  etched  through  in  .015"  thick  stainless  steel 
discs,  contained  between  gaskets  of  polyester  film. 


Etched  circuits  were  chosen  for  flatness,  dimensional 
accuracy  and  smoothness. 

A  square  cross-section  was  chosen  for  several  reasons: 

-  The  pressure  drop  for  a  rectangular  section  has  a 
minimum  value  when  the  aspect  ratio  Is  1  (Ref. 9). 

-  Small  aspect  ratios  are  difficult,  if  not  impossible, 
to  etch,  while  large  aspect  ratios  are  uneconomical 
space-wise. 

A  single  channel,  .015  x  .015,  carrying  flow  to  four 
amplifiers  has  approximately  a  .10  psi  pressure  drop  for 
each  inch  of  such  track  when  operating  the  integrated  circuit 
at  1.3  psig.  It  should  be  noted  that  the  pressure  drop  per 
unit  length  for  a  square  duct  is  13#  greater  than  for  a  round 
duct  of  the  same  cross-sectional  area. 

Simple,  symmetrical  circuits  are  then  expected  to  operate 
at  a  somewhat  wider  pressure  range  than  complex,  non-sym- 
metrical  circuits  which  may  involve  longer  lines. 


A  three  dimensional  computer  model  for  a  layout  of  this 
type  circuitry  is  presently  not  available. 


Impedance  Matching 

Since  these  integrated  circuits  are  capable  of  operating  in 
excess  of  500  cps,  the  line  carrying  the  trigger  signal  to 
the  circuit  (from  an  air  sensor,  for  instance),  must  be 
properly  selected  when  cycling  at  speeds  in  excess  of  200 
to  300  cps. 

When  the  line  is  not  matched  to  the  load,  i.e.,  when  the 
line  characteristic  impedance  is  not  matched  to  the  load 
impedance,  the  reflected  wave  interferes  with  the  incident 
wave  and  the  signal  distorted.  Signal  distortion  results  in 
pressure  levels  at  certain  frequencies  which  are  much  higher 
or  lower  than  the  original  static  (d-c)  pressure. 

Figure  14  and  15  show  the  amplitude  variation  with  frequency 
at  the  end  of  a  .055  ID  sensor  line  of  6"  and  24"  length, 
respectively,  terminated  by  a  .031  ID  input  connector  to  the 
circuit. 

When  the  line  is  matched  to  the  load,  the  pressure  decays 
in  a  simple  exponential  function  along  the  line,  and* is 
independent  of  frequency  for  any  particular  location  along 
the  line. 

The  load  impedance  is  expressed  as, 

Zl  = 

dq 

while  the  line  impedance  (cro's-sectional )  is  given  by, 

Zso  =  (KRT^  (Ref.  9) 

Crocs. Area . 

Impedance  matching  for  circular  and  rectangular  fluidic 
lines  has  been  extensively  treated  by  Schaedel  (Ref. 9). 
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ABSTIACT 


Supply  jet  attachment  switching  by  a  control  jet  located  downstream  in 
the  supply  jet  flow  field  is  discussed.  At  many  control  jet  nossle  loca¬ 
tions  switching  is  possible  both  to  the  opposite  sidewall  and  from  the 
opposite  wall  to  the  sidewall  nearest  to  the  control  noetic.  The  in¬ 
fluences  of  control  jet  direction  end  control  nossle  location  on  the 
type  of  switching,  and  the  influences  of  the  flow  splitter  location 
and  the  control  jet  flow,  location  and  direction  on  the  two  output 
parameters  -  minimum  control  flow  for  switching  and  switching  time  - 
are  discussed  and  examples  given  from  experimental  results.  Comparisons 
are  made  with  the  performance  of  normal  upstreaarcontrolled  devices. 
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NOMENCLATURE 

width  of  the  control  jet  nossle  (mm) 
width  of  the  supply  jet  nossle  (am) 
offset  distance  of  the  sidewalls  (mm) 
depth  of  diffuser  section  and  both  jets  (mm) 
length  of  the  sidewalls  inn) 
increasing  pressure  ( n/ur )  3 

flow  rate  of  control  jet  (dmJ /a  at  standard  conditions) 
ratio  of  control  flow  to  the  minimum  control  flow  for 
switching  to  occur 
ratio  of  control  flow  to  supply  flow 

minimum  ratio  of  control  flow  to  supply  flow  for  switching 
to  occur  . 

flow  rate  of  supply  jet  (daJ/s  at  standard  conditions) 
switching  time  interval  (s) 
mean  velocity  of  supply  jet 

downstream  coordinate  of  control  nossle  (mm) 

downstream  coordinate  of  flow  splitter  (mm) 

lateral  coordinate  of  control  nossle  (mm) 

inclination  angle  of  sidewalls  (°^ 
included  angle  of  flow  splitter  (°) 
direction  angle  of  control  nossle  (°) 
nondimens ional  switching  time  ■  UQt/B 


Precsdisg  page  Meek 
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Introduction 


The  two  most  ly  used  methods  for  moving  the  attachment  of  a 

supply  jet  ftw  all  of  initial  attachment  to  the  opposite  wall, a 
switching  actim..  are  to  deflect  the  supply  jet  either  with  the 
momentum  of  a  high-speed  jet  directed  laterally  to  the  supply  jet  as 
shown  in  Figure  1  or  with  an  increase  in  the  pressure  in  the 
separation  zone  between  the  attached  supply  jet  ayd  the  wall  of  attach¬ 
ment  as  shown  in  Figure  2.  Moses  and  Comparin  (l)1  and  Carbonaro  (2) 
have  presented  earlier  in  this  Symposium  comprehensive  reviews  of  the 
literature  on  both  wall  attachment  and  on  the  influences  of  changes  in 
geometric  and  flow  variables  on  the  performance  of  devices  designed  on 
the  basis  of  these  two  methods  tor  controlling  attachment  switching. 

A  conventional  design  feature  of  nearly  all  devices  using  either  of 
these  two  methods  is  that  the  control  flow  issues  from  ports  located 
in  the  sidewalls  of  the  diffuser  for  the  supply  jet.  In  most  of  the 
devices  designed  for  subsonic  flows  in  the  supply  jet  these  control 
ports  are  located  upstream  in  the  diffuser  at  the  exit  plane  of  the 
supply  jet  nozzle  as  is  shown  in  Figures  1  and  2.  In  devices  designed 
for  supersonic  flows  in  the  supply  jet  these  control  pcrt»  are 
usually  located  downstream  of  the  supply  jet  nozzle,  but  are  still 
located  in  the  sidewalls  at  the  boundary  of  the  supply  jet  flow  field. 

An  alternative  to  placing  the  control  jets  in  the  sidewalls  is  to 
locate  them  downstream  in  the  supply  jet  flow  field.  Potential 
advantages  to  these  locations  compared  to  control  jet  locations  in 
the  boundary  of  the  flow  field  are  comparable  or  better  performance 
levels  with  a  reduction  in  element  width  and  an  increase  in  the 
ease  of  manufacture  due  to  the  vertical  introduction  of  the  control 
flow  directly  into  the  flow  field. 

One  recently  reported  application  of  the  alternative  set  of  locations 
for  the  control  jet  is  the  use  by  Tesar  (3)  of  a  control  jet  directed 
laterally  from  the  trailing  edge  of  a  blade  located  in  the  supply  jet 
flow  field  to  generate  supercirculation  on  the  blade  and  thus  to 
switch  attachment  flows  in  ventilation  ducts.  Another  application  of 
this  alternative  was  made  by  Lance  and  Swenson  (4)  who  used  the 
unsymmetrical  flow  issuing  from  a  vertically-oriented  single-inlet 
vortex  diode  to  control  attachment  switching.  The  switching  perform¬ 
ance  was  found  to  be  sensitive  to  the  direction  of  the  region  of 
peak  velocity  in  the  diode  outlet  flow. 

Lin  (5)  continued  the  theme  of  Lance  and  Swenson's  investigation  but 
used  the  more  contact  and  more  highly  directional  flow  issuing  from 
a  moveable,  rotatable  control  nozzle.  His  complete  report  includes  a 
review  of  the  literature  on  the  movement  of  the  attachment  point 
of  the  supply  jet  and  on  attachment  switching.  In  addition  it  includes 


Numbers  in  parenthese> designate  references  at  the  end  of  the  paper. 
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a  theoretical  analysis  of  the  movesmnt  of  the  jet  attachment  point  due 
to  control  flows  from  nottle  locations  inside  of  the  separation  sons, 
and  experimental  evidence  of  the  deflection  of  a  supply  jet  by  a  down¬ 
stream  control  jet.  This  present  paper  ia  baaed  upon  the  last  portion 
of  hie  investigation  and  discusses  the  influence  of  control  nossle 
location  and  direction  on  the  type  of  switching  that  is  observed  and 
the  influences  of  flow  splitter  location  and  controljet  flow,  location 
and  direction  on  the  switching  performance.  The  evidence  and  conclusions 
are  illustrated  for  a  symmetrical  two-dimensional  supply  nossle  and 
diffuser  geometry,  first  without  a  flow  splitter  and  then  with  a 
symmetrical  splitter. 

Geometric  and  Flow  Parameters 


The  geometric  parameters  for  the  syaeetrical  two-dimensional  nossle 
and  diffuser  for  the  supply  jet  are  shown  in  Figure  3.  The  principal 
parameters  are  the  nossle  width  B  and  height  h,  and  the  sidewall 
inclination  angle  oC,  offset  D  and  length  L  .  The  principal  flow 
paraamter  for  the  supply  jet  is  the  flow  rate  Q  .  For  the  experimental 
results  presented  in  this  paper  the  parasmters  flith  fixed  values  are 
the  nossle  width  I  ■  *.76  mm,  aspect  ratio  h/B  ■  4.26,  sidewall  length 
L^/B  -  26.6  and  sidewall  inclination  angle  *  15°. 

The  geoewtric  parasmters  for  a  control  jet  located  downstream  in  the 
supply  jet  flow  field  are  the  nossle  width  b,  downstream  distance  X  , 
lateral  distance  from  the  diffuser  section  centerline  T  and  the  ° 
angular  direction  W  of  the  control  nossle  opening,  as  sfiown  in  Figure 
4.  The  flow  parameter  for  the  control  jet  is  the  flow  rate  Q  .  The 
fixed  value  parameter  is  the  nossle  width  b/B  -.13.  The  control  nossle 
height  is  the  same  as  the  height  of  the  supply  nossle, h. 

The  nossle  opening  direction  angle  is  also  the  direction  of  the  control 
jet  and  V  is  measured  from  a  reference  line  parallel  to  the  diffuser 
centerline  with  0  in  the  downstream  direction  and  ,  as  viewed  from 
above  the  diffuser  section,  the  positive  sense  of  rotation  is  away 
from  the  diffuser  centerline.  The  supply  nossle,  diffuser  and  the  flow 
splitter  are  symmetrical  in  the  half-planes  above  and  below  the 
extended  centerline  of  the  supply  nossle  for  these  experiments, so  that 
results  obtained  for  a  control  nossle  location  and  direction  in  one 
half-plane  are  the  same  for  the  mirror  image  location  and  direction  in 
the  other  half-plane. 

Air  is  the  fluid  used  in  the  experiments  and  the  flows  exhaust  from 
the  diffuser  directly  to  atmosphere  without  internal  vents  or  bleeds. 
Also  the  control  flow  is  at  a  constant  value  during  a  switching  process. 

Switching  Types  and  Output  Performance  Parameters 
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The  types  of  switching  are  named  for  the  sidewall  to  which  the  attach¬ 
ment  is  moved.  Thus,  far-side  switching  is  from  the  sidewall  nearest 
to  the  control  nozzle  to  the  farthest  sidewall  as  shown  in  Figure  5, 
and  near-side  switching  is  to  the  sidewall  closest  to  the  control 
nozzle  •»*  shown  in  Figure  6. 

Two  important  performance  parameters  for  downstream  control  are  the 
control  flow  for  switching  to  occur  and  the  switching  time.  The  control 
flow  for  switching  to  occur  is  a  measure  of  the  device  control  sensi¬ 
tivity  and  for  each  control  nozzle  location  and  direction  is  measured 
by  slowly  increasing  the  control  flow  until  switching  just  occurs. 

The  switching  time  is  the  time  interval  from  the  start  of  control  flow 
until  the  supply  jet  comes  to  rest  at  its  final  position  on  the  wall 
of  reattachment.  The  sensor  for  switching  time  measurements  is  a  re¬ 
luctance-type  differential  pressure  transducer  with  one  side  connected 
to  a  piezometric  opening  in  the  wall  of  the  control  flow  tubing  and 
the  opposite  side  connected  to  a  piezometric  opening  near  the  end  of 
the  wall  of  reattachment.  The  time  interval  measurements  are  made  from 
traces  of  the  differential  pressure  on  records  from  recording  oscillo¬ 
graphs  and  a  memory  oscilloscope. 


Switching  Performance  without  Flow  iiplitter 


Figure  7  shows  a  plot  of  the  ratio  of  the  control  flow  to  the  supply 
flow  Q  /Q  versus  the  control  jet  direction  and  illustrates  the  use 
of  theCcontrol  flow  required  for  switching  to  trace  switching  curves 
which  are  the  boundaries  of  the  far-side  and  near-side  switching  regions 
.  The  minimum  control  flow  for  switching  to  occur  at  that  control  jet 
location  and  supply  flow  rate  is  measured  as  the  shortest  radial  dist¬ 
ance  from  the  plot  origin  to  a  switching  curve.  In  Figure  7  the 
minimum  occurs  for  far-side  switching  and  is  a  control  flow  to  supply 
flow  ratio  of  0.12  at  a  control  jet^direction  of  270  for  a  supply 
jet  flow  rate  equivalent  to  1.03  dtn  /s  at  standard  atmospheric  condi¬ 
tions. 


Two  conclusions  that  are  illustrated  in  this  graph  are  (1)  that  both 
far-side  switching  and  near-side  switching  can  occur  at  the  same  control 
jet  location,  but  only  for  different  ranges  of  control  jet  location 
and  for  control  flows  above  different  minimum  values,  and  (2)  there 
are  combinations  of  control  jet  directions  and  flows  for  which  switch¬ 
ing  does  not  occur. 


The  variation  with  control  jet  location  of  the  minimum  value  for 
switching  to  occur  is  illustrated  in  Figure  8  in  which  the  minimum 
control  flow  ratios  at  control  nozzle  locations  on  four  lateral 
traverses  are  shown  for  both  near-side  and  far-side  switching.  The 
lowest  of  these  local  minima  determines  the  dominant  type  of  switch¬ 
ing  and  the  optimum  control  nozzle  location  for  the  given  geometry 
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and  supply  flow.  In  Figure  8  this  optimal  location  ia  at  X  /B  ■  9.33, 

Y  /B  ■  1.33  for  a  control  flow  ratio  of  Q  /Q  ■  0.01  and  i?  for  far- 
side  switching.  c  * 

The  variation  of  twitching  tine  with  control  jet  direction  at  a 
given  control  jet  location  and  for  a  range  of  control  jet  direction 
values  including  the  direction  for  minima  control  flow  for  switch¬ 
ing  ia  shown  in  Figure  9.  The  switching  tiaa  results  are  in  the 
nondiaensional  fora  "t  -  u  t/B,  where  U  is  the  aean  velocity  of  the 
supply  jet,  t  is  the  measured  tiae  interval  for  switching,  B  is  the 
supply  noszle  width  and  the  ratio  B/U  is  a  nominal  transport  tiae. 

The  sharp  dip  in  the  switching  tiae  efirve  is  typical  and  the 
ainiaua  values  for  switching  tiaes  and  the  control  flew  for  switching 
usually  occur  at  the  saae  control  jet  direction. 

Switching  Performance  with  Flow  Splitter 

The  addition  of  a  symmetrical  flow  splitter  to  the  supply  jet  nozzle 
and  diffuser  geometry  completes  the  configuration  for  a  simple  straight 
-walled  bistable  fluid  amplifier.  The  location  of  the  flow  splitter  in 
the  diffuser  is  specified  by  X  ,  the  distance  from  the  plane  of  the 
supply  nozzle  exit  to  the  leadfRg  edge  of  the  splitter,  as  shown  in 
Figure  10.  For  the  experisantal  results  presented  in  this  paper  the 
included  angle  0  of  the  triangular  flow  splitter  is  30°  which  is  equal 
to  2  or,  the  included  angle  between  the  two  sidewalls  of  the  diffuser. 

The  influence  of  the  location  of  the  flow  splitter  on  the  miniaua 
control  flow  for  switching  to  occur  is  illustrated  in  Figure  11.  The 
effect  of  the  location  of  the  splitter  is  different  for  each  type  of 
switching  as  is  seen  in  the  movement  of  the  switchingcurves  in  Figure 
12.  At  locations  far  from  the  control  jet  the  splitter  has  negligible 
effect  on  the  switching  curves,  but  wh'-^  Lhe  splitter  is  moved  nearer 
to  the  control  jet  the  switching  curves  for  far-side  switching  first 
are  moved  away  from  the  origin  and  then  towards  the  origin,  resulting 
in  a  rise  and  then  a  sharp  drop  of  the  minimum  control  flow  required 
for  switching  as  is  well  illustrated  in  Figure  11.  The  changes  to  the 
near-side  switching  curve  are  nearly  opposite  to  those  for  the  far- 
side  switching  curve, with  a  sharp  increase  in  the  control  flow 
required  for  switching  as  the  flow  splitter  is  moved  closer  to  the 
control  jet. 

The  variation  of  switching  times  with  flow  splitter  location  is  illus¬ 
trated  in  Figure  13.  These  changes  follow  a  similar  trend  to  that  for 
the  minimum  control  flow  for  switching. 

The  experimental  results  shown  in  Figures  7-9  and  11-13  are  typical 
in  that  switching  performance  and  the  optimum  control  nozzle 
location  and  control  jet  direction  vary  slowly  with  changes  in  the 
supply  flow  rate. 
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Co ■pari ion  with  Upstream  Control  of  Switch in; 


Positive  switching  as  either  mo men tun  switching  or  pressure  switching 
is  the  most  cotason  type  of  upstream  switching  control  and  corresponds 
to  far-side  switching  in  downstream  control  devices.  Tha  nearest 
equivalent  to  near-side  switching  in  downstream  control  devices  is 
suction  switching  in  upstream  control  devices  which  is  described  by 
Drzwiecki  (6).  Suction  switching  occurs  due  to  low  pressures  in  the 
region  of  the  control  port  in  the  wall  opposite  to  that  of  wall 
attachment.  The  low  pressure  can  be  caused  either  by  entrainsmnt  of 
fluid  from  a  blocked  control  port  into  the  aaq>lifier  in  devices  with 
low  offsets  (close  sidewalls)  or  by  sucking  of  flow  out  of  the  amplifi- 
erin  devices  with  either  large  offsets  (D/B>5.0)  or  small  wall  offsets. 
A  distinctive  difference  between  near-side  switching  and  suction 
switching  is  that  near-side  switching  occurs  for  a  positive  control 
flow  signal  into  t’.e  device  from  outside  the  device. 

The  minimum  control  flow  to  supply  flow  ratio  for  switching  in  down¬ 
stream  control  devices  compares  favorably  with  the  ratio  for  upstream 
control  devices  of  about  the  same  physical  size  and  similar  geometry. 
The  low  value  of  Q  /Q  ■  .01  for  far-side  switching  in  Figure  8  is  in 
the  same  range  of  values  as  the  inverse,  .01,  of  the  flow  gain  of 
about  100  reported  by  Markland  (3)  as  the  approximate  performance 
level  of  Tesar's  jet  flap  devices, and  also  of  the  low  values  reported 
in  the  literature  for  positive  switching  by  Col  bo  me  and  Williams  (7) 
of  .007  (D/B  ■  0.0)  and  Foster  and  Jones  (8)  of  .01  (D/B  -  1.5, 
square-ended  splitter). 


The  adnimum  non-dimensional  switching  time  of  t*  186  from  Figure  13 
for  far-side  switching  (Q  /Q  ■  0.18,  Q  /Q  *1.8,  D/B  -  2.0) 
compares  not  too  unfavorafily'with  the  vSlu^Blof  C  ■  105  for  positive 
switching  (Q  /Q  -  0.18,  Q  /Q  .  -  6.4,  D/B  ■  0.625)  with  the  inter¬ 

polation  of  results  reportid  f'y  Ozgu  and  Stenning  (9)  who  used  a 
similar  definition  of  switching  time  to  that  used  in  this  paper.  The 
ratio  Q  /Q  of  the  actual  control  flow  to  the  minimum  control  flow 
for  swi£chf8|nis  a  relative  measure  of  the  control  flow. 

General  Conclusions 

The  control  of  supply  jet  attachment  is  possible  for  control  nozzle 
locations  downstream  in  the  supply  jet  flow  field.  The  type  of  switch¬ 
ing,  minimum  control  flow  rate  for  switching  to  occur  and  the  switch¬ 
ing  time  are  all  dependent  upon  control  jet  direction  as  well  ac  control 
jet  flow  and  control  nozzle  location.  The  switching  time  and  minimum 
control  flow  rate  for  switching  to  occur  are  different  for  far-side 
and  near-side  switching  and  also  vary  with  flow  splitter  location. 
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The  values  of  the  performance  parameters  for  downstream  control  devices 
are  comparable  to  those  for  similar  upstream  control  devices,  with  the 
potential  advantage  of  smaller  elements  and,  because  of  the  dependence 
of  switching  thresholds  on  both  direction  of  the  control  jet  and  the 
level  of  the  control  flow,  angular  and  flow  inputs  can  be  combined  to 
control  outputs  in  moving-part  devices. 

Although  evidence  and  conclusions  for  only  bistable  switching  devices 
are  presented  in  this  paper,  control  jets  at  downstream,  in- the- flow 
locations  can  be  used  also  in  proportional  devices. 
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ABSTRACT 


This  paper  describes  the  design  of  a  flueric,  laminar  flip-flop 
that  does  not  use  the  Coanda  effect,  but  rather  an  instability  of  Jet 
position  due  to  vent  pressurization.  If  vent  flow  Is  allowed  to  enter 
the  control  region  in  excess  of  that  demanded  by  entrainment,  and  the 
control  port  is  vented  to  ambient,  then  any  small  perturbation  will 
cause  more  flow  to  enter  one  side  and  less  on  the  other,  increasing 
the  pressure  differential  and  causing  the  jet  deflection  to  increase 
until  It  reaches  a  stable  position  on  one  side  or  the  other.  This 
phenomenon  has  been  put  to  use  in  the  laminar  flip-flop.  The  prototype 
device  has  a  pressure  gain  of  15,  a  fanout  of  8  and  a  power  consumption 
of  3*5  mW  for  a  1 .0  mm  x  0.5  mm  supply  nozzle  device.  Frequency 
response  is  estimated  at  90  Hz.  A  smaller  device  with  a  0.5  x  0.5  mm 
nozzle  has  measured  frequency  response  of  about  1 80  Hz.  The  static 
characteristics  compare  favorably  with  the  best  that  turbulent  fluidics 
has  to  offer  but  with  an  improved  low-power  consumption  of  over  an 
order  of  magnitude  less  than  that  of  currently  available  devices  with 
prospects  of  yet  another  order  of  magnitude  reduction  seen.  In 
addition,  since  the  flow  is  laminar  and  has  virtually  no  random 
fluctuations  switching  occurs  at  a  discrete  control  pressure  point  as 
opposed  to  a  zone  as  in  turbulent  devices.  The  availability  of  such 
a  precision  flip-flop  now  makes  it  possible  to  consider  accurate  timers 
and  counters,  pulse-duration  modulators,  and  analog-to-digi tal  con¬ 
verters. 
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1.  INTRODUCTION 


Flueric  logic  devices  have,  since  their  introduction  in  1 959 » 
fallen  primarily  into  three  distinct  categories:  the  Coanda  effect  or 
wall  attachment  devices;  the  turbulence  amplifiers,  and  impact  modu¬ 
lators.  Each  of  these  devices  operates  at  some  stage  in  the  turbulent- 
flow  regime,  and  all  but  the  turbulence  amplifiers  require  considerable 
continuous  operating  power,  in  the  order  of  0.5  watts.  The  necessity 
of  a  continuous  supply  of  fluid,  if  excessive,  makes  fluerics  at  best 
an  unattractive  choice  when  considering  large,  complex  or  mobile 
circuitry.  Because  of  this,  much  effort  has  been  expended  in  lowering 
the  power  consumption  of  flueric  logic  devices.  One  such  attempt  by 
Walker  and  Trask  [1]  resulted  in  a  laminar  NOR  gate  that  operated  at 
several  milliwatts  of  power  but  with  a  fairly  low  fanout  of  about  3. 

It  became  obvious  that  low  power  was  almost  synonymous  with  laminar 
flow.  Several  studies  of  laminar  wall  attachment  [2,  3]  showed  that 
one  cojld  obtain  a  Coanda-type  flow  even  in  the  laminar  regime;  however, 
no  practical  flueric  devices  were  forthcoming. 

At  the  same  time  as  the  search  for  low-power  logic  devices 
was  going  on,  much  progress  was  being  made  in  the  development  of 
laminar,  proportional  amplifiers  [4,  5].  Manion  and  Hon  [b]  showed 
Uiat  a  laminar  proportional  amplifier  can  exhibit  dynamic  ranges  and 
signal  to  noise  ratios  of  several  orders  of  magnitude  greater  than 
comparable  turbulent  devices,  as  well  as  having  improved  gain  character¬ 
istics.  As  this  amplifier  was  being  developed  a  theoretical  analysis 
was  also  developed.  As  a  result  of  the  analysis,  it  was  discovered 
that  the  input  resistance  may  become  negative  due  to  internal  feedback. 
This  negative  input  resistance  makes  a  laminar  bistable  device  possible. 
Since  these  laminar  proportional  amplifiers  operate  at  very  low  powers 
(from  0.1  mW  upwards),  the  bistable  device  if  feasible  would  also 
operate  at  this  low  power. 

This  paper  presents  a  discussion  of  the  operating  principle,  a 
simple  analysis  predicting  bistability  and  dynamic  response,  and  some 
preliminary  prototype  experimental  data,  for  laminar  flip-flops.  In 
addition  several  applications  and  advantages  of  laminar  flip-flops  are 
discussed. 

2.  OPERATING  PRINCIPLE 


Consider  the  laminar  proportional  amplifier  (LPA)  shown  In 
figure  1 
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Figure  1.  A  Laminar  proportional  amplifier 

The  flow  field  can  be  visualized  readily  and  under  normal 
operating  conditions,  with  the  vents  at  ambient  pressure,  appears  as 
shown  in  the  photograph  in  figure  2.  The  jet  emanates  from  the  supply 
nozzle  and  splits  evenly  on  the  splitter. 

When  a  sufficient  pressure  differential  is  applied  at  the  controls, 

flow  from  the  control  is  exhausted  to  the  vents  through  the  space 

defined  by  the  jet  edge  and  the  downstream  edge  of  the  control  channel. 

This  space  may  be  considered  to  be  a  variable  orifice  which  changes 

in  area  as  the  jet  is  deflected.  Consider,  however,  that  the  vents 

can  be  maintained  at  a  pressure  higher  than  the  pressure  at  the  jet 

edge.  In  this  case.  If  we  consider  one  side,  flow  passes  from  the 

vent  region  to  the  jet  edge  reducing  the  flow  required  through  the 

control  passage  (R  in  figure  3)  •  However,  consider  the  case  where  the 
c 

control  ports  are  maintained  at  ambient  pressure  and  the  Jet  is  centered. 
In  such  a  case  the  flow  entrained  by  the  portion  of  the  jet  in  the 
control  region,  Q£,  must  be  supplied  from  both  the  upstream  vent  and 

the  control  port,  which  means  that  the  pressure  at  the  jet  edge,  Pj  is 

lower  than  ambient  (when  the  vent  is  at  ambient  pressure).  Now  if  the 
vent  pressure  Py  Is  Increased  to  the  point  where  the  flow  entrained  by 

the  Jet  Is  equal  to  the  flow  from  the  vent  Qy,  then  the  flow  through  the 

control  port,  Q  ,  will  be  zero.  The  jet  is  still  centered  because  there 

are  no  excess  flows  and  entrainment  is  satisfied.  If  the  vent  pressure 
is  now  further  Increased  so  that  there  is  flow  entering  from  the  vent 
in  excess  to  that  demanded  by  entrainment,  then  a  metastable  situation 
occurs.  The  excess  flow,  over  and  above  entrainment,  now  exits  through 
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the  control  port;  hence,  the  pressure  at  the  jet  edge  is  above  ambient 
(remember  that  the  control  port  is  at  ambient  pressure).  The  flows  can 
be  easily  visualized  by  the  aid  of  the  simple  equivalent  circuit  for 
the  input  to  the  amplifier  shown  in  figure  3. 


control  port 
pressure 

P  -0  R 


jet  edge  pressure 


flow  out  of 

control 

passage 


J 


*T-  * 


(vent  pressure) 
P 


flow 

entrained 
by  Jet 


flow  from 
vent  region 


Rc  -  resistance  between 
control  port  and  jet 
edge 

Ry  -  resistance  due  to  jet 
edge  and  downstream 
edge  of  the  control 
channel 


Figure  3-  Equivalent  circuit  of  one  side  of  LPA  input 

If  the  jet  should  move  slightly,  by  any  perturbation,  to  one  side  or 
the  other,  increasing  the  vent  width  on  one  side  and  decreasing  it  on 
the  other,  then  more  flow  enters  the  wider  space  and  less  through  the 
narrower  space.  Since  the  control  resistance,  Rc  (fig.  3)  is  constant, 

this  means  that  for  more  control  flow  out  (equal  to  the  excess  of  vent 
flow,  by  continuity),  the  jet-edge  pressure  must  increase  on  the  side 
with  more  flow  and  conversely  must  decrease  on  the  side  with  less  flow. 
This  of  course  is  then  an  applied  pressure  differential  to  the  jet  so 
that  it  continues  deflecting  until  it  is  in  a  position  which  completely 
blocks  the  vent  flow  on  one  side.  Clearly,  then,  only  the  states  are 
stable  for  which  the  jet  is  deflected,  and  it  blocks  the  downstream 
edge  of  the  control  channel,  hence  the  jet  position  is  bistable. 

3.  DESIGN 

To  obtain  an  input-output  device  operating  on  the  above  principle, 
it  is  necessary  to  modify  the  LPA  in  three  ways:  First,  provide  a 
pressure  supply  to  the  vents;  second,  ground  the  control  ports;  and 
third  provide  a  means  of  pressurizing  the  controls,  despite  their 
grounded  condition,  in  order  to  flip  the  jet  to  another  state. 

Pressurizing  the  vents  is  readily  accomplished  by  collecting 
the  vents  in  a  junction  and  supplying  an  independent  pressure  source  or 
by  using  bleed  flow  through  a  resistor  from  the  supply  port  of  the 
ampl i f ier. 
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Grounding  the  control  ports  and  providing  a  means  of  pressurizing 
the  controls  can  be  accomplished  with  a  single  modification.  In  the 
bistable  mode,  flow  is  outward  from  the  controls,  if  this  flow  forms 
a  jet  and  is  exhausted  across  a  vent,  the  grounding  function  is  per¬ 
formed.  If  a  new  jet  is  formed  to  axially  impinge  on  the  control  out¬ 
flow  jet,  the  back  pressure  of  the  outflow  jet  will  be  increased,  hence 
providing  pressurization  of  the  control  to  flip  the  Jet.  Figure  4  shows 
schematically  the  first  prototype  LFF  built. 


Figure  4.  First  prototype  laminar  flip-flop 

In  this  device  the  vent  pressure  was  controlled  from  an 
Independent,  outside  source. 

Later  designs  differ  only  in  that  bleed  flow  from  the  supply 
is  fed  to  the  collected  vents  by  resistor  laminates  placed  in  the  cover 
plate  of  the  device,  and  the  supply  nozzle  width  b$  »  0.5  mm. 

4.  ANALYSIS 

The  analysis  presented  here  is  intended  to  show  how  the  bistable 
phenomenon  occurs  and  how  one  can  estimate  the  pressures  and  other 
such  parameters  to  predict  its  occurence.  This  analysis  is  not  intended 
to  be  a  thorough  study  of  this  phenomenon;  thf*  will  come  in  a  later 
report. 

The  equivalent  circuit  (figure  3)  for  the  flows  of  this 
element  exists  on  each  side  of  the  jet.  As  a  result,  two  flow 
sunmations  must  be  written.  In  these  equations  the  vent  to  jet  edge 
resistance  is  an  area  times  the  square  root  of  the  pressure  differ¬ 
ence.  For  mathematical  simplicity  all  quantities  have  been  normalized. 
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(1) 


flows  by  the  supply  flow  Qs,  pressures  by  the  supply  pressure  Ps* 
dimensions  by  the  supply  nozzle  width  b$. 


1  -  Q  +  {b  +  «')  /Tp  - >7  I  -  0 

*ci  ej  v  1  v  ji1 


Q  -  Q  ♦  (b 

c;  e  r  v 


5')  >'! P  -  P.  | 

'  V  J  2 


(2) 


where  Q  is  the  input  flow,  Q  is  the  entrained  flow, 

Qy  -  (Bv  ±  6')  /| Py  -  Pj  |  is  the  flow  from  the  vent  region  to  the  jet 
edge,  b^  is  the  spacing  between  the  jet  and  the  control  edge  labeled 
in  figure  2  and  6*  is  the  jet  deflection  due  to  Pj  -  the  small  change 

in  jet  edge  pressure  (fig.  2  and  3).  Subscripts  i  and  2  identify  the 
side  of  the  jet  in  question  (e.g.  right  or  left). 

Q1  Q'  Q' 

Let  Q_  ■  Q,  +  ,  Q_.  “  - r  ,  Q  -  Q  +  ~  ,  etc.  , 


Cl 

p'. 


■PJ  J 


2  '  XC2  xc  2  ’  '‘e,  -  'e  ■  2 

P,_  ■  P.  -  P'./2,  where  primed  (')  quantities  refer 


P. 

Jl 

to  small  perturbations  about  the  unprimed  quantity.  Thus,  note  that 

Pi 

*'1  Py  -  P j  j  I  is  approximately  equal  to  /|>y  ‘  ^  0  ”  jfp — • 

Substituting  these  terms  and  taking  the  difference  between  equations  (l) 
and  (2)  we  get 


Pi 

— L 


Q*  -  b  ( - J - )  +  2  S' /[P 

e  v 


(3) 


From  reference  [*•?,  the  lateral  displacement  of  the  jet  at  the 
control  downstream  edce  is 


b2 


6  1 


p; 


where  b  is  the  control  nozzle  width  and  c  is  the  momentum  flux  dls* 
c 

charge  coefficient.  The  resulting  combination  with  equation  (3) 
results  in 


6' 


ai + 


2k  /IP  -  PJ 
c  1  v  j 1 


w 


-  2  /|P  -  P.  I 
1  v  j  1 


whe  re  a } 6 ' 


q;  and  kc  -  b2/(i,ce) 
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The  input  flow  Q*  is  defined  es 
c 


Q'  -  P' 
c  c 


P' 

c 

IT 

c 


_6J 

c 

c  c 


(5) 


where  R  is  the  control  line  resistance. 

C 

Using  equations  (4)  and  (5)  and  multiplying  through  by 

JQ* 

input  admittance  Is  found  to  equal 
6  c 


V|p  -  p 


k  R 
c  c 


*—  the 


3Qc  ,  . 

vr  ■  iT* 

c  c 


if  *  *1  •'lpv  -  Pjl  -  2<P,  •  Pj> 
c  J  J 

E - 

rr-+  (a,  +  l/k  R  )  /IP  -  P.l  -  2(P  -  P.) 
2k  l  c  c  1  v  j1  v  j 


(6) 


The  bistable  phenomenon  occurs  when  this  slope  is  negative.  (Note,  if 
3Qc  I 

P  ■  P.  then  ■  p— ) .  The  numerator  decreases  to  zero  and  then  be- 

canes  negative  at  a  larger  value  of  |P^  -  P^ |  for  typical  parameters. 

For  example  let  b  ■  0.25,  k  •  8.86,  a  -  .0668  when  the  jet  is 

centered  then  the  slope  will  be  zero  or  negative  when  (Py  -  P j )  >  0.0104. 

The  nunerator  is  negative  while  the  denominator  is  still  positive, 
giving  a  negative  slope.  If  the  denominator  becomes  negative  the  input 
inductance  coupled  with  the  jet  displacement  compliance  results  in  a 
limit  cycle  oscillation  whose  excursion  is  limited  by  the  entrainment 
derivative  with  displacement. 

A  more  thorough  discussion  of  this  phenomena  (denominator  equal 
to  zero)  will  be  the  subject  of  another  report.  This  report  evaluates 
the  slope  of  the  input  admittance  characteristic  to  determine  if  the 
device  will  be  bistable.  This  can  be  accomplished  by  evaluating  the 
slope  with  the  jet  centered. 

Equation  (6)  therefore  defines  the  condition  when  the  negative 
slope  occurs  and  which  parameters  determine  this  slope. 


The  effect  of  downstream  control  edge  clearance,  control  width 

(k  is  determined  by  b2),  the  entrainment  and  the  pressure  difference 
c  c 

is  given  in  equation  (6). 

The  dynamic  response  of  a  digital  device  is  usually  characterized 
by  a  switching  time  that  is  a  decreasing  function  of  the  control  power. 
Analytic  studies  of  Coanda-type  devices  such  as  that  by  Goto  and 
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Drzewleckl  [6]  derive  this  relation  and  verify  It  experimentally.  It 
Is  not  usual  to  consider  digital  frequency  response,  but  If  one  does, 
the  limiting  frequency  at  which  a  wall  attachment  device  can  operate 
is  determined  by  the  amplitude  of  the  Input  signal.  For  example.  If 
a  device  switches  in  one  ms  at  a  control  pressure  amplitude  of  0.1  P  , 

then  the  maximum  frequency  of  a  switch-switch-back  function  would  be 
500  Hz  (f  ■  1/(2tjw),  tjw  ■  switch  time).  If  the  sane  device  switches 

in  0.5  ms  at  a  control  pressure  of  0.3  P$  then  the  maximun  frequency 

would  be  1000  Hz.  At  each  of  these  frequencies  the  maximim  output 
pressure  equal  to  the  static  pressure  recovery  is  recovered.  So  for 
a  square-wave  input,  the  maximum  operating  frequency  is  a  function  of 
the  input  amplitude.  A  Bode  plot  of  the  output  pressure  would  then 
consist  of  a  family  of  curves,  each  dropping  off  at  different 
frequencies  for  different  input  amplitudes. 

The  dynamic  response  of  the  laminar  flip-flop  is  tied  closely 
to  the  dynamics  of  the  LPA  which  have  already  been  analyzed  success¬ 
fully  [4].  Because  of  this  the  dynamic  response  of  the  LFF  will  be 
discussed  in  terms  of  the  known  frequency  response  of  the  LPA  rather 
than  to  rework  the  analysis  in  terms  of  step  responses  and  switching 
times . 


To  estimate,  analytically,  the  flip-flop  frequency  response 
one  may  consider  the  foilowit-.g  argunents.  When  the  LPA  is  operated  in 
its  digital  mode  as  a  LFF  and  the  jet  deflection  excursion  is  such  that 
the  jet  position  varies  from  just  at  saturation  to  saturation  (i.e. 
where  each  output  just  reaches  a  maximum  pressure  recovery  without 
ringing)  it  can  be  assuned  that  the  Jet  is  critically  damped  (damping 
ratio  c  ■  1.0).  Assuning  then  a  second-order  response  for  the  LPA 
results  in  a  transfer  function,  T, 


T 


1 


+  2;  —  +  1 
u_ 


(7) 


Substituting  Ju  for  the  Laplace  variable  s,  where  j  ■  /-T,  u  is 
radian  frequency,  and  c  ■  1.0,  the  output  amplitude,  A,  is  just  the 
vector  sun  of  the  real  and  imaginary  parts  of  the  transfer  function. 

A  ■  lV(u/u  J2)*  +  4  (u/u)  )2  (8) 

n  n 


To  calculate  the  -3db  point  (break  point  frequency)  set  A  ■  0.707  which 
results  in  u/u  I  ■  0.644.  The  natural  (or  resonant)  frequency  f 
nl-3db  n 

of  the  LPA  (therefore  also  of  the  LFF)  has  been  found  by  Hanion  and 
Mon  [4]  to  be 


f  ■  0.01  V./b. 
n  s  s 
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or  rewritten,  noting  that 

c  .  Jl  (P  -  P  )/p  where  c, 
d  s  v  d 

and  p  the  fluid  density, 


the  average  supply  velocity  Vs  ■ 

is  the  supply  nozzle  discharge  coefficient 


f  -  0.01  c,  /2(P  -  P  )/c  /b 

n  d  s  v  s 


(9) 


Note  that  pressure,  flow  and  dimensions  are  not  normalized  here.  Using 
equation  (9)  and  noting  that  w/u  I  ■  f/f  I  *  .644  (since  f  ■ 

nl-3db  nl-3db 

w/2m),  then  the  breakpoint  or  maximum  operating  frequency  for  the  LFF 
is  approximated  by  the  expression 

f  ...  -  0.00644  c  .  ^2(P  -  f>  T7P  /b  (10) 

-3dD  d  s  v  s 

The  minimum  switch  time  can  be  estimated  as 


T 

sw 


0.5/f 


-3db 


(11) 


5.  PROTOTYPE  CHARACTERISTICS 


The  device  depicted  in  figure  4  was  tested  statically;  the 
supply  and  input  impedances,  the  blocked  output  pressure  transfer 
characteristic,  and  the  output  impedance  characteristic  were  measured 
at  a  supply  Reynolds  number  based  on  nozzle  height  of  about  103.  Figure 
5  depicts  graphically  the  measured  characteristics. 

The  blocked-pressure  gain  is  the  change  of  an  outp Jt  pressure 
divided  by  the  switch  pressure.  The  fan-out  (number  of  like  units  that 
can  be  driven  simultaneously  by  one  output)  is  the  output  flow,  at  an 
output  pressure  equal  to  the  switch  pressure,  divided  by  the  switch 
flow  at  switch  pressure.  The  power  consumption  is  the  product  of  the 
supply  pressure  and  the  supply  flow.  These  three  characteristics  are 
obtained  from  the  data  in  figure  5  and  are  listed  in  Table  I  in  com¬ 
parison  with  a  high  performance,  wall  attachment  turbulent  flip-flop 
described  by  Warren  [7]  and  also  in  ref  [61,  and  with  the  lowest  power 
consumption,  commercially  available  flip-fiiv  [ 8] . 

As  can  be  seen,  the  laminar  flip-fl  .p  compares  well  with  the 
highest  gain/fanout  device  and  has,  ovr r  an  order  of  magnitude,  lower 
power  consumption  than  the  lowest  power  consumption,  commercially 
available  device  and  almost  three  orders  of  magnitude  lower  than  the 
high-performance  device. 

Assuming  that  for  the  same  Reynolds  number  the  characteristics 
remain  the  same,  the  power  consumption  can  be  further  reduced  by  yet 
another  order  of  magnitude  to  about  0.25  mW  if  one  uses  a  0.25  mm  x 
1.0  mm  (o  ■  4)  nozzle,  and  down  to  about  0.1  mW  if  the  Reynolds  number 
hs/2Ps /p  /\>  is  reduced  by  half. 
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Figure  5.  Experimental  characteristic  of  prototype  laminar  flip-flop 


Table  I.  Comparison  of  LFF  performance  to  typical  turbulent  deivces 


LFF 

TFF  [7,  8],  HDL 

TFF  [8],  Commercial 

Gain,  Gp 

AP  /P 
o  sw 

15 

17 

3-5 

Fanout 

Q  /Q  1 

O  '‘swlp 

sw 

8 

10 

3 

Power 

P$QS (watts) 

0.0035 

1-37 

0.064 

The  frequency  response  of  the  device  in  figure  4,  as  estimated 
from  the  expressions  in  section  4  and  the  current  dimensions  and  supply 
pressure,  is  roughly  90  Ha. 

Dynamic  tests  conducted  on  a  smaller  device,  operating  as 
a  feedback  oscillator  with  varying  lengths  of  feedback  lines  (to  change 
the  frequency)  result  in  a  Bode  plot,  logarithm  of  amplitude  versus 
frequency,  as  shown  in  figure  6. 


THEORY,  EQ  6- 


0-DATA  FEEDBACK  OSCILLATOR 
b| s  0.5  mm 

h  *  0.5mm 

p(  *  0  6k Pa,  Py  *0.1  kPo 


FREQUENCY  (Hz) 


Bode  Plot  of  LFF  Response 


While  this  testing  method  gives  very  conservative  date  because  as  the 
output  amplitude  starts  to  fall  so  does  the  Input,  It  is  nonetheless 
an  easy  test  to  perform.  From  section  4  and  eq.  (10)  since  the  LPA 
-3db  frequency  is  290  Hz  for  this  geometry,  then  the  LFF  -3db  point 
should  occur  at  1 85  Hz  since  f/f  I  ■  .644.  From  figure  6  one  can 

nl-3db 

<ee  thct  the  conservative  data  yields  about  178  Hz  as  the  -3db  frequency. 
This  frequency  compares  well  with  the  published  specifications  of  many 
commercial  flip-flops,  which  are  usually  about  200  Hz. 

6.  0 1 5> C US S I  ON 


In  addition  to  the  advantages  of  a  laminar,  low  power,  ioglr 
device,  already  mentioned  in  the  introductory  paragraphs,  there  are 
other  benefits  which  accrue  because  of  the  laminar  nature  of  the  flow 
The  most  important  of  these  is  accuracy.  In  turbulent  digital  devices 
one  must  consider,  in  reality,  the  probability  of  switching  because 
as  the  switch'ng  condition  is  slowly  approached  turbulent  fluctuations 
in  the  stream  may  have  enough  energy,  at  one  instant  or  another,  to 
cause  a  switch.  Usually  when  making  measurements  on  turbulent  flip- 
flops  a  switching  zone  is  encountered  rather  than  a  discrete  switching 
point  [8].  The  laminar  device,  however,  does  not  have  this  problem  - 
it  virtually  has  no  noise  or  turbulence  at  all,  and  as  a  resuit  has  a 
well-defined  switching  point.  This  means  that  extremely  accurate 
Schmitt  triggers,  counters,  adder?  and  analog-to-digi tal  converters 
can  be  made.  In  addition  such  systems  as  pulse-duration  modulators 
and  digital  information  transfer  systems  can  be  effectively  utilized. 

Another  advantage  of  laminar  flow  is  the  ability  to  scale  the 
devices  to  virtually  any  size,  since  the  laminar  flows  obey  the  well 
behaved  laws  of  Reynolds  number  scaling;  whereas,  similar  turbulent 
devices  of  different  size  rarely,  If  ever,  operate  the  same  way  unless 
fully  established  turbulent  flows  are  present,  and  then  they  consume 
a  lot  of  power. 

Other  advantages  of  laminar  devices  include  the  eventual 
likelihood  of  acceptable  solutions  of  equations  of  motion  and  the  ability 
to  make  measurements  on  large  models  with  different  working  fluids  and 
relate  them  immediately  to  the  actual  size  devices. 

7.  CONCLUSIONS 

A  laminar  flip-flop  (LFF)  was  designed  and  built  based  on 
analytic  findings  from  the  study  of  laminar,  proportional  amplifiers. 
Essentially  the  device  operates  due  to  a  physical  instability  when  the 
vents  are  pressurized,  resulting  in  only  two  stable  positions  of  the 
jet.  It  is  not  a  Coanda  effect  device  -  no  attachment  walls  are  used. 

This  device  performs  as  well  as,  or  better  than,  any  turbulent 
flip-flop  from  the  standpoint  of  static  and  dynamic  characteristics 
but  has  a  more  than  an  order  of  magnitude  lower-power  consumption  with 
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the  possibility  of  yet  another  order  of  magnitude  reduction  to  about 
0.1  mW. 


The  concept  of  the  laminar  flip-flop  has  led  to  the  possibility 
of  extremely  accurate,  low-noise  digital  systems  heretofore  impossible 
due  to  the  random  nature  of  the  flow  in  turbulent  devices.  Such  systems 
include,  but  are  not  limited  to,  such  devices  as  Schmi tt-triggers  and 
analog-to-digi tal  converters. 
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PROJECTS  ON  MOVING  PARTS  FLUIDIC  DEVICES  CARRIED  OUT  AT 
SIR  GEORGE  WILLIAMS  UNIVERSITY 

by  Clyde  C.K.  KWOK 


The  area  of  fluid  controls  has  been  developed  at  Sir  George 
Williams  University  since  1967.  Part  of  the  research  efforts  have 
been  concentrated  In  the  moving  parts  fluidic  devices  which  Include 
also  diaphragm  elements  and  components.  It  Is  the  objective  of  this 
report  to  present  the  most  up-to-date  Information  on  some  of  the  most 
Interesting  research  projects  carried  out  In  the  area. 

Description  of  the  projects  will  be  presented  In  the  following 
order: 

(1)  Hybrid  Magnetic/Fluidic  Pulse  Shortener; 

(2)  Vortex  Flowmeter; 

(3)  Valve  Block  for  Air  Massaging  Application; 

(4)  Diaphragm/ejector  Schmitt  Trigger; 

(5)  Liquid  Oscillator. 

Results  of  some  of  the  projects  strongly  demonstrated  the 
advantages  and  inherent  potentials  as  well  as  some  unique  solutions 
offered  to  practical  problems  by  the  fluidic  technology. 

Hybrid  Magnetic  Pulse  Shortener 

In  many  fluidic  logic  control  circuits,  there  exists  the  require¬ 
ment  for  pulse  shorteners  or  special  devices  capable  of  producing  short 
pulses  for  precise  duration  when  supplied  with  step  or  other  forms  of 
Input  pulses.  At  present,  this  special  function  In  most  cases  can  be 
performed  by  using  active  fluidic  bistable  and  monostable  amplifiers 
with  suitable  delay  lines.  This  approach,  however.  Is  considered 
unattractive  because  of  the  difficulty  usually  associated  with  choos¬ 
ing  the  suitable  delay  lines  as  well  as  the  relatively  high  power 
consumption.  A  new  scheme  was  proposed  [1].  The  basic  configuration 
of  this  device  consists  of  a  short  cylindrical  chamber  with  an  Input 
and  an  output  port  located  symmetrically  at  the  top  and  bottom 
surfaces  of  the  chamber  as  shown  In  Fig.  1.  A  permanent  ring  magnet 
Is  attached  to  the  bottom  surface  and  a  thin  metal  disc  Is  placed 
Inside  the  cylindrical  chamber. 

When  there  Is  no  Input  pressure  signal,  the  metal  disc  Is  held 
onto  the  permanent  magnet.  Upon  the  application  of  a  pressure  signal, 
the  pressure  force  will  lift  the  metal  disc  away  from  the  magnet. 

Once  they  are  separated,  the  pressure  force  will  be  acting  on  the 
entire  surface  of  the  disc  Instead  of  the  area  corresponding  only  to 
that  of  the  Input  port.  At  the  same  time,  the  magnetic  attractive 
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force  decreases  Inversely  as  the  squares  of  the  distance  between  the 
metal  disc  and  the  pole  of  the  permanent  magnet.  As  a  result,  there 
Is  a  snap  effect  and  the  disc  moves  very  rapidly  towards  the  output 
port.  This  movement  generates  a  compression  pulse,  the  duration  of 
which  Is  dependent  only  on  the  motion  of  the  disc  and  Is  Independent 
of  the  Input  pulse  length.  When  the  Input  pressure  pulse  has  expired, 
the  disc  returns  to  the  bottom  surface  due  to  the  attractive  force  of 
the  ring  magnet. 

In  order  to  achieve  the  optimum  design  criteria,  an  analysis  of 
the  dynamic  characteristics  of  the  disc  when  subjected  to  both  the 
magnetic  and  Input  pressure  forces  under  various  possible  loading 
conditions  was  carried  out.  The  mathematical  model  for  the  system 
was  developed  using  an  Incremental  quasi-steady  state  approach. 
Equations  describing  the  mathematical  model  were  derived  from  the 
basic  thermodynamic  and  fluid  dynamic  relations  such  as  continuity 
equation,  equation  of  state  and  the  equation  of  motion.  The  mathema¬ 
tical  model  was  further  modified  In  non-dimensional  form  and  reduced 
to  the  following  five  governing  equations. 


constant 


A  +  X)  -  constant 


2«P2*2  fcJrl  %]Y  -  [fc] 


l-  &  -  rJU  i  HI 


dx  $2  dx 


Input  pressure  p. 


atmospheric  pressure  p^ 
output  or  chamber  pressure  p 


atmospheric  pressure  p^ 

mass  density  of  air  Inside  chamber  p 


distance  travelled  by  disc  x 


location  of  Imaginary  magnetic  pole  from  the  surface  of  magnet  x( 
X#  *  chamber  length  L 

area  of  orifice  a 

/Vs-  ® 

o  =  area  of  disc  A 

.  _  (length  of  output  port  passage  t)(area  of  output  port  a) 
a  “  (chamber  length  L)  (Area  of  disc  A) 

mass  of  disc  Mg 

a  =“Ta^ - 

K  *  magnetic  co.istant  K 
L  A 

ITT 

t  (time  t) 

weight  of  disc  Wn 


and  the  magnetic  constant  K  and  imaginary  pole  X0  were  determined 
experimentally  [1]  using  the  relationship 


and 

K  =  Pb  A  (xq  +  L)2 


(6) 


(7) 


where  p  and  p.  were  experimentally  observed  pressure  levels  where  the 
disc  was  separating  away  and  attracting  towards  the  magnet  respectively. 
The  theoretical  response  of  the  pulse  shortener  for  a  given  geometry 
was  obtained  by  solving  the  above  mentioned  non-dimensional  mathema¬ 
tical  model  using  the  fourth-order  Runge  Kutta  numerical  method. 


The  original  experimental  model  shown  in  Fig.  2  having  a  chamber 
diameter  and  length  of  0.63  in.  and  0.1  in.  respectively  was  subjected 
to  step  pressure  input  signals  and  different  frequencies.  The  input 
and  output  pressure  wave  forms  were  recorded  for  different  output  port 
loading  conditions.  A  typical  set  of  experimental  pressure  traces  is 
shown  in  Fig.  3a.  The  same  set  of  data  was  used  to  compare  with  the 
theoretically  predicted  results  in  Fig.  3b. 

A  sensitivity  study  of  the  effects  of  various  independent  para- 
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meters,  namely,  the  Input  pressure,  chamber  length  and  diameter,  out¬ 
put  port  diameter  and  output  port  passage  length  as  well  as  the 
magnetic  force,  was  undertaken.  Results  revealed  an  Important  finding 
of  this  pulse  shortener  that  above  an  Input  pressure  level  of  16.5 
psla,  the  output  characteristics  for  this  particular  pulse  shortener 
under  study  Is  Insensitive  to  the  variation  of  the  Input  signal 
amplitude.  The  effects  of  other  geometric  parameters  on  the  pulse 
shortener  performance  characteristics  were  also  computed  and  critically 
analysed.  These  detailed  Information  together  with  the  computer 
program  are  given  In  Ref.  [2], 

Vortex  Flowmeter 


Flow  measurement  and  monitoring  are  Important  In  many  Industrial 
applications.  There  always  exist  requirements  for  a  low  cost  reliable 
flowmeter.  An  unconventional  concept  to  utilize  the  vortex  principle 
In  measuring  flow  rate  was  tried  [3].  The  basic  device  shown  In 
Fig.  4  consists  of  a  thin  cylindrical  chamber  with  tangential  Inlets 
and  central  outlet.  A  free  ball  Is  contained  within  the  circular 
track  of  the  chamber.  When  fluid  flows  In,  due  to  the  tangential 
Inlet  configuration,  a  vortex  will  be  generated.  The  swirling  flow 
causes  the  ball  to  rotate  along  the  track.  The  frequency  of  rotation 
of  the  ball,  measured  by  a  simple  light  emitting  diode  arrangement, 
provides  direct  Information  of  the  flow  rate. 

An  analysis,  assuming  a  laminar,  Incompressible  Irrotatlonal  flow, 
was  carried  out  In  an  attempt  to  analyse  the  motion  of  the  ball  Inside 
the  vortex  chamber  [4],  Forces  and  moments  acting  on  the  sphere  were 
found  and  may  be  summarized  as  follows: 

(I)  The  drag  D,  calculated  by  assuming  the  flow  Is  irrotatlonal  and 
the  sphere  Is  stationary,  Is  found  to  be 

D  “  12  it  y  R  V  (8) 

where  y,  R,  V  are  the  fluid  viscosity,  the  sphere  radius  and  the 
stream  velocity  respectively. 

(II)  The  mechanical  friction  F,  opposite  to  the  direction  of  motion. 

Is  acting  at  the  two  points  of  contact  of  the  sphere  and  the 
track  as  shown  In  Fig.  5. 

(III) The  moment  of  mechanical  friction  M2  about  the  axis  of  rolling 
which  Is  given  by 

Mz  -  l  .  F  (9) 

where  £  Is  the  distance  between  the  point  of  contact  and  the 
rolling  axis  of  the  sphere. 
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( 1 v)  The  total  moment  on  the  sphere  Mf,  formed  by  assuming  a  rotating 
sphere  In  a  stationary  Incompressible  flow,  expressed  In  terms  of 
the  sphere  radius  R,  fluid  viscosity  y  and  rotational  angular 
velocity,  u  Is  given  by 


Mf  *  -8  it  y  R5u 


(10) 


Under  steady  state  conditions,  the  above  forces  and  moments  are 
balanced.  Solving  the  above  equations,  the  frequency  of  rotation,  N 
of  the  sphere  about  the  axis  of  the  chanter  is  given  by 


(ID 


where  d0  is  the  diameter  of  the  inlet  port,  R*  and  R0  are  the  track 
means  radius  and  vortex  chamber  radius  respectively,  and  Q  is  the  flow 
rate. 


During  experimental  investigations,  It  was  found  that  the  ball  did 
not  start  moving  Inside  the  chamber  until  a  certain  minimum  flow  rate 
was  reached  to  overcome  the  static  frictional  effects  between  the  ball 
and  the  wall.  Since  the  static  friction  was  very  difficult  to  evaluate 
and  was  not  considered  in  the  formulation  of  the  theory,  equation  (11) 
was  modified  to  the  form 


2  tt2  d l 
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(12) 


where  Q0  is  the  minimum  volume  flow  rate  required  to  overcome  static 
friction.  Detailed  derivations  of  the  theory  are  presented  in  Ref.  [4]. 

Experiments  were  conducted  using  water  to  investigate  the  effects 
of  changing  the  geometric  configurations,  mass  and  size  on  the  ball  and 
flow  rate  on  the  performance  of  the  flowmeter.  A  typical  set  of  exper¬ 
imental  data  showing  the  variation  of  frequency  with  ball  diameter  as 
compared  with  theory  is  shown  in  Fig.  6.  They  all  indicate  linear 
characteristics  between  the  volume  flow  rate  and  the  frequency  of 
rotation  of  the  ball. 


Valve  Block  for  Air  Massaging  Application 

A  massaging  unit  in  the  form  of  a  belt  with  air  pockets  to  be 
strapped  around  one's  body  or  limb  was  investigated  (5).  Such  a  unit  is 
useful  for  reducing  fatigue  level  and  stimulating  the  blood  circulation 
of  a  person  suffering  from  confinement  for  a  long  period  of  time. 

At  the  present  stage  of  development,  the  emphasis  is  on  the  design 
and  performance  of  an  integrated  valve  bleck  which,  together  with  the 
air  pockets  in  the  belt,  operates  as  an  oscillator.  The  air  pockets. 
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serving  as  the  charging  capacitors  In  the  delay  paths,  undergo 
continual  cycles  of  Inflation  and  deflation  In  groups.  The  resulting 
expansion  and  contraction  In  the  pocket  volumes  thus  contribute  to  the 
production  of  a  massaging  effect.  Two  types  of  moving  part  logic 
elements  are  contained  In  the  valve  block,  the  Inverter  and  repeater. 
These  elements  have  to  have  a  low  pressure  gain,  wide  hysteresis  band 
and  a  relatively  high  flow  capacity.  A  design  using  the  poppet  and 
spool  valve  combination  was  evolved.  Basically,  the  Inverter  and 
repeater  are  Identical  In  physical  configuration  except  In  the  external 
connections.  The  operation  of  the  repeater  and  Inverter  valves  are 
shown  In  Figs.  7  and  8  respectively. 

Each  valve  has  a  piston  assembly  sliding  Inside  a  cylindrical 
cavity  which  Is  separated  from  the  control  chamber  by  means  of  a 
diaphragm.  The  top  end  of  the  piston  rod  Is  firmly  secured  onto  the 
diaphragm  so  that  the  piston  will  be  directed  to  move  up  and  down 
according  to  the  force  balance  across  the  diaphragm.  The  lower  and 
larger  end  of  the  piston  rests  against  the  valve  seat,  and  there  are 
two  port  openings  leading  to  the  cylindrical  cavity.  In  this  application, 
the  output  ports  are  always  connected  to  the  air  pocket,  which  Is  essen¬ 
tially  a  blocked  load.  Consequently,  as  a  unique  feature  of  the  valve 
design,  no  return  spring  Is  required.  For  the  experimental  prototype, 

3  repeater  valves  and  one  Inverter  valve  were  accomodated  Inside  a 
valve  block.  An  exploded  view  of  the  valve  block  Is  shown  In  Fig.  9. 

Normalized  static  switching  characteristics  of  the  valve  func¬ 
tioning  as  a  repeater  and  as  an  Inverter  are  shown  In  Figs.  10a  and  10b 
respectively.  In  both  sets  of  characteristics,  the  normalized  switching 
pressure  (Pcj  is  plotted  as  a  function  of  the  supply  pressure  ps. 


Preliminary  analysis  of  the  repeater  and  Inverter  valve  operation 
using  force  balance  equations  across  the  diaphragm  yield  the  following 
expression: 


d  (£) 


*eff 


where  Aeff  Is  the  effective  area  of  the  diaphragm  and  f  Is  the  frictional 
force  between  the  0-rlng  and  the  cylindrical  cavity,  acting  upwards 
against  the  downward  movement  of  the  piston  assembly.  Eq.  (13)  provides 
correct  Indication  of  the  slope  of  characteristic  curves  given  In 
Figs.  10a  and  10b. 


Typical  output  waveform  of  the  valve  block  Is  shown  In  Fig.  11. 

For  an  application  such  as  the  air  massage  device  serving  a  special 
therapeutic  purpose,  It  is  difficult  to  assess  Its  performance  In 
terms  of  quantitative  criteria.  However,  with  the  oscillator  block 
connected  to  the  air-belt  having  air  pockets  of  a  volume  of  approximately 
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5  cu.  in.  each,  the  "working"  frequency  is  in  the  region  of  2  Hz.  This 
frequency  depends  on  the  material  of  the  air-belt  and  how  tight  It  Is 
strapped  to  the  body,  etc.  So  far,  the  massaging  effect  produced  has 
been  considered  sufficiently  satisfactory  to  warrant  continued  develop¬ 
ment  of  the  concept  in  conjunction  with  personnel  in  the  area  of  physio¬ 
therapy. 

Diaphragm-Ejector  Schmitt  Trigger 

The  pneumatic  Schmitt  Trigger  is  a  pressure  switching  device  which 
can  be  turned  on  and  off  using  predetermined,  adjustable  control  pres¬ 
sures.  A  Diaphragm-Ejector  Schmitt  Trigger  (DEST)  consisting  of  a 
diaphragm-ejector  step-up  relay  "A"  and  a  passive  diaphragm  element 
"B"  interconnected  was  designed  and  is  shown  schematically  in  Fig.  12. 

P0  and  P  represent  the  output  and  supply  pressure  respectively.  One 
of  the  chief  functional  characteristics  of  the  device  is  the  availability 
of  independently  adjustable  trigger  pressure  levels.  This  function 
enables  the  possible  application  of  the  device  in  the  on-off  control  of 
parameters  such  as  flow  rate,  temperature,  liquid  level,  etc.  and  also 
in  accept-reject  testing  of  production  components. 

'  The  operation  of  the  Diaphragm  Ejector  Schmitt  Trigger  may  be  des¬ 
cribed  as  follows:  Assuming  that  the  device  is  initially  in  the  OFF 
state,  the  pressures  P,(off)  and  P3 (of f )  in  cavities  1  and  3  respec¬ 
tively  will  be  determined  by  the  pressure  divider  circuit  consisting 
of  the  ejector-nozzle  flow  restriction  and  the  adjustable  restrictor  Rj. 
In  this  state  the  diaphragm  in  the  "B"  element  will  be  deflected  to 
close  the  seat  B2,  due  to  the  action  of  pressure  Pj(off)  [=  P,(off)]. 

Also,  since  the  seat  pressure  P^i  and  P , (off )  are  now  equal  to  each 
other,  the  output  pressure  in  the  OFF  state,  P0 ( off) ,  is  determined  from 
the  ejector-sensor  characteristic  of  Fig.  13.  In  order  to  switch  the 
device  on,  the  control  pressure  must  be  increased  to  a  value  P,(on) 
which  just  exceeds  P,(off).  Thus,  the  magnitude  of  switch  on  control 
pressure  P, (on)  is  predetermined  by  the  setting  of  R, .  When  the  device 
is  switched  on,  the  sensor  seat  A1  is  closed  by  the  relay  diaphragm  and 
the  pressures  P/^  and  P„  quickly  become  equal  to  the  supply  pressure 
Ps.  It  is  assumed  here  that  the  restrictors  R0,  R2  and  the  load  do  not 
draw  any  significant  flow,  thereby  approximating  the  zero-output-flow 
requirement  of  the  ejector-sensor.  Subsequent  to  the  switching  on  of 
the  relay  diaphragm,  the  pressures  P3  and  P,  begin  to  decrease  due  to 
discharge  through  Rj,  while  the  pressure  Pr?  in  seat  B2  is  increased  to 
the  value  P0(on)  [Prj.  As  a  result,  the  "B"  -  element  diaphragm  is 
switched  so  as  to  close  the  seat  B3.  The  pressure  P,  in  cavity  2  then 
increases  to  a  value  P2 (on )  determined  by  P?(on),  ana  by  the  pressure 
divider  circuit  consisting  of  RQ  and  R,.  Since  the  pressure  P  (on)  is 
coimunicated  via  the  diode  D,  to  cavities  3  and  1,  the  pressure  P3 
reaches  the  value  P,(on)  =  P2(on).  Assuming  that  area  Aai  is  much 
smaller  than  the  diaphragm  area  the  pressure  Pt (on)  determines  the 
magnitude  of  P . (off) ,  to  which  the  control  pressure  must  now  be  reduced 
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In  order  to  obtain  switch-off.  Thus  It  may  be  seen  that  Pj(on)  and 
Pj(off)  required  for  switching  the  device  on  and  off,  respectively,  can 
therefore  be  set  Independently  by  means  of  the  adjustable  restrictors 
R.  and  R2.  The  diode  D  also  ensures  the  control  of  pressure  Pj(off) 
through  restrictor  R,  alone. 

A  DEST  unit  using  l-1nch  diameter  rubber  diaphragms  was  constructed 
from  plexiglass  with  the  sensor  dimensions  shown  In  Fig.  13.  The 
characteristic  shown  In  the  figure  also  represents  the  experimental 
sensor  characteristics.  A  photograph  and  the  construction  of  the  device 
are  shown  In  Figs.  14  and  15,  respectively.  The  device  was  tested  over 
a  supply  pressure  range  of  5  to  50  pslg  (34.5  to  345  kN/m2)  and  the 
repeatability  and  minimum  available  hysteresis  were  found  to  be  about 
1.5%  and  1%  of  Ps,  respectively.  Deterioration  In  repeatability  was 
sometimes  observed,  but  was  traced  to  a  shift  In  the  values  of  P.(off) 
and  Pi(on),  probably  caused  by  poor  flow  stability  In  the  control  res¬ 
trictors.  Predictable  switching  was  obtained  up  to  repetition 
frequencies  In  the  region  of  15  Hz  [with  Ps  ■  10  pslg  (69  kN/m2), 

Pj(on)  »  1.4  pslg  (9.55  kN/m2),  and  P-f (off)  *  1.16  pslg  (8  kN/m4)], 
which  Is  adequate  for  most  mechanical  automation  applications. 

The  chief  functional  characteristic  of  the  device  Is  the  availabil¬ 
ity  of  Independently  adjustable  trigger  (control)  pressures.  In 
addition  to  the  above  feature,  the  DEST  has  the  following  advantages 
over  the  fluidic  Schmitt  Trigger:  (1)  greater  adjustable  hysteresis 
range,  (2)  higher  pressure  recovery,  together  with  the  possibility  of 
obtaining  a  vacuum  output  In  the  OFF  state,  and  (3)  probably  lesser 
susceptibility  to  contamination.  The  major  disadvantage  of  the  DEST  Is 
that  It  Is  a  diaphragm-operated  moving  part  device,  and  hence  has 
limitations  In  parameters  such  as  response  time,  lifetime,  operating 
temperature,  etc. 

Nevertheless,  in  less  severe  environments,  it  could  be  utilized  to 
provide  on-off  pneumatic  control,  for  example,  in  lov  cost  automation. 

A  few  typical  industrial  applications  using  this  Diaphragm  Ejector 
Schmitt  Trigger  are  listed  below: 

-  Liquid  Level  Control  System; 

-  Pulse  Width  Modulation  Type  Control  System; 

-  Timing  Circuits; 

-  Liquid  Mixture  Density  Control  System. 

Detailed  information  on  the  above  systems  as  well  as  the  design 
considerations  for  the  Diaphragm  Ejector  Schmitt  Triggers  are  presented 
In  Refs.  [6]  and  [7]. 
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Liquid  Operated  Oscillator 

The  search  for  a  simple,  liquid-operated  oscillator  was  Initiated 
because  of  the  requirement  for  a  special  type  of  dental  syringe  known 
as  a  "waterpic"  which  produces  strong  pulsating  jets  of  water  at 
approximately  15  cps  for  cleaning  teeth  as  well  as  massaging  the  gums. 
After  some  Initial  experimentations  with  no-moving  parts  pure  fluidic 
devices,  the  approach  was  not  pursued  due  to  high  pressure  drop  across 
the  power  jet  nozzle  and  the  difficulties  In  obtaining  low  frequency 
oscillation  due  to  high  wave  propogatlonal  velocity  In  liquids.  An 
entirely  different  oscillator  concept  was  subsequently  conceived 
utilizing  mainly  the  inertia  effects  of  the  liquid  to  control  the 
opening  and  closing  of  the  diaphragm  valve  as  described  in  Refs.  [8]  and 
[9]. 


The  basic  operational  principle  of  the  oscillator  can  be  explained 
by  first  referring  to  the  illustration  in  Fig.  16.  The  supply  inlet, 
which  is  connected  to  the  pressure  source,  is  designed  to  incorporate 
an  ejector  system  consisting  of  a  supply  nozzle  which  directs  the  flow 
into  a  receiver.  This  ejector  chamber  is  connected  to  the  output  line 
of  the  oscillator.  The  other  end  of  the  receiver  is  connected  to  a  seat 
chamber  located  inside  the  vent  chamber.  There  is  a  vent  tube  connection 
between  the  vent  chamber  and  the  atmosphere.  A  diaphragm  is  positioned 
so  as  to  control  the  flow  of  fluid  from  the  seat  chamber  into  the  vent 
chamber.  A  spring  with  a  force- adjusting  screw  is  provided  on  the  other 
side  of  the  diaphragm  to  keep  it  in  proper  position. 

Operation  of  the  early  designs  of  oscillator  prototypes  was  based 
on  the  inertia  effect  of  the  liquid  in  the  vent  tubes.  First,  consider 
the  diaphragm  to  be  at  the  uppermost  deflected  position,  flow 
entering  the  receiver  tube  will  have  an  almost  free  path  to  the  vent 
chamber,  and  the  pressure  of  the  latter  will  be  built  up  rapidly. 
According  to  the  Law  of  Continuity,  flow  entering  the  vent  chamber  must 
flow  out  through  the  vent  tube.  In  other  words,  movement  of  the  whole 
column  of  liquid  contained  within  the  vent  tube  is  accelerated.  During 
this  phase  of  operation,  the  output  channel,  which  is  connected  to  the 
ejector  chamber,  is  experiencing  a  negative  pressure  due  to  the  venturi 
effect  of  the  ejector  system.  At  this  point,  the  spring  is  being 
compressed,  exerting  a  force  which  tends  to  close  the  diaphragm  against 
its  seat.  Furthermore,  it  can  be  seen  that  as  maximum  flow  into  the 
vent  chamber  is  achieved,  the  fluid  velocity  between  the  diaphragm  and 
the  seat  is  at  its  highest  value  and,  according  to  the  Bernoulli's 
relation,  pressure  will  decrease  correspondingly.  The  reduction  in 
static  pressure  in  that  region  causes  the  diaphragm  to  start  moving 
downwards.  When  this  happens,  the  cross-sectional  flow  area  between  the 
seat  and  the  diaphragm  will  be  reduced.  This  will  decrease  the  flow  into 
the  vent  chamber  and  further  reduce  its  pressure.  This  reduction  of 
pressure  causes  an.  additional  downward  deflection  of  the  diaphragm 
resulting  in  a  further  decrease  of  flow  into  the  vent  chamber.  Eventu¬ 
ally,  the  diaphragm  will  snap  onto  the  seat  blocking  the  entire  flow 
into  the  vent  chamber.  However,  before  the  snap  closing  of  the 
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diaphragm,  the  whole  column  of  liquid  within  the  vent  tube  has  been 
accelerated.  Due  to  the  Inertia  of  the  liquid,  the  sudden  closing  of 
the  diaphragm  cannot  produce  an  Immediate  stoppage  of  the  moving  liquid 
within  the  vent  tube.  The  liquid  In  the  tube  continues  to  move,  thus 
creating  a  strong  vacuum  within  the  vent  chamber  which  pulls  the  dia¬ 
phragm  further  downwards  against  the  seat.  This  effect  creates  an  even 
tighter  closing  of  the  diaphragm  against  Its  seat  and  diverts  all  the 
supply  flow  Into  the  output  line. 

As  soon  as  the  fluid  In  the  vent  tube  has  come  to  rest,  the 
pressure  In  vhe  vent  chamber  returns  from  sub-airblent  to  ambient.  At 
this  time,  the  total  force  acting  on  the  diaphragm.  Including  that  due 
to  the  supply  pressure  acting  on  the  valve  seat,  will  be  high  enough  to 
overcome  the  force  exerted  on  the  opposite  face  of  the  diaphragm  by  the 
now-extended  spring,  and  the  diaphragm  valve  commences  to  open  again. 
Fluid  then  starts  to  flow  Into  the  vent  and  Its  pressure  will  be  built 
up.  This  build-up  of  pressure  In  the  vent  chamber  causes  a  further 
upward  deflection  of  the  diaphragm  and  more  flow  will  be  entering  the 
chamber.  When  this  occurs,  the  output  pressure  at  the  outlet  drops  and 
becomes  sub-ambient  due  to  the  strong  venturi  effect  created  in  the 
ejector  chamber.  The  cycle  Is  thus  repeated. 

It  can  be  seen  that  both  the  diaphragm  and  spring  stiffnesses 
affect  the  oscillation  to  a  certain  degree;  however,  the  main  governing 
parameter  for  the  oscillation  phenomenon  is  the  inertia  of  the  column 
of  liquid  In  the  vent  tube.  Changing  the  geometric  configuration  of  the 
vent  tube  strongly  affects  the  operation  of  the  oscillator. 

In  an  attempt  to  understand  the  effects  of  various  design  parameters 
affecting  the  operation  of  the  oscillator,  an  analytical  study  was 
carried  out  by  S.  Sankar  (Ref.  (10))  using  the  linear  graph  technique. 

The  oscillator  was  subdivided  into  three  systems: 

(1) The  fluid  system  comprising  the  inlet  nozzle,  seat  chamber  and 
valve  seat,  vent  chamber  and  vent  tube; 

(2) The  mechanical  system  consisting  of  the  spring  and  a  mass  which 
represents  the  lumped  mass  of  the  diaphragm  and  the  spring 
retainer; 

(3) The  linkage  between  the  f’uid  and  the  mechanical  system. 

The  schematic  representation  of  the  linear  graph  for  the  liquid 
operated  oscillator  is  shown  in  Fig.  I/.  A  set  of  14  equations  together 
with  the  definition  of  the  symbol  used  are  given  in  Table  1.  The 
equations  are  derived  assuming  that  the  fluid  is  incompressible,  the 
deflection  of  the  diaphragm  uniform  and  velocity  heads  are  negligible 
compared  to  the  pressure  heads  (except  in  the  vent  tube). 

The  analytical  model  was  further  extended  to  include  a  feedback 
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path  between  the  vent  and  the  spring  chamber  as  described  In  Ref  ill]. 
This  modification  not  only  Improves  the  performance  of  the  oscillator 
but  also  enables  It  to  operate  over  a  large  range  of  supply  pressures. 

The  type  of  liquid  operated  oscillator  described  above  Is  relative¬ 
ly  simple  to  construct  and  there  Is  considerable  leeway  In  the  tolerances 
of  the  fluid  passages.  Except  for  the  diaphragm  and  the  spring,  which 
operates  on  a  very  small  displacement,  there  are  no  other  moving  parts 
and  the  reliability  should  be  excellent.  Furthermore,  the  Instantaneous 
output  pressure  magnitude,  due  to  the  inertia  effect  of  the  liquid, 
which  can  sometimes  be  60%  above  that  of  the  steady  state  supply 
pressure,  makes  this  oscillator  particularly  attractive  for  use  In  many 
cleaning  applications.  Detailed  descriptions  of  a  dental  syringe 
(Fig.  18),  and  oscillating  showerhead  (Fig.  19),  and  a  car  wash  appara¬ 
tus  (Fig.  20)  presented  In  Refs.  (9]  and  [11]  represent  some  typical 
applications  of  the  oscillator  concept. 

CONCLUSION 

Five  Interesting  projects  on  moving  parts  devices  carried  out  at 
Sir  George  Williams  University  have  been  described.  It  Is  the  Intention 
of  this  paper  to  Indicate  some  of  the  advantages  and  flexibility  offered 
by  moving  parts  fluidic  components,  and  the  various  potential  applica¬ 
tion  areas.  More  Important,  highlights  of  the  theoretical  analysis  for 
each  component  developed  was  referenced  and  discussed.  This  Is  to  be 
consistent  with  the  main  theme  of  this  Symposium  that  the  fluidic 
technology  has  gone  through  the  growing  period  and  Is  now  reaching 
maturity.  "It  has  become  a  Science  rather  than  an  Art". 
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[:  Schematic  Diagram  of  Magnetic/ 
Fluidic  Pulse  Shortener 
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FIG.  4;  Experimental  Model  of  Vqrtex  Flowmeter 
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FIG.  8:  Operation  of  an  Inverter  Valve 
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FIG.  11:  Output  of  Oscillator 
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13:  Geometry  and  Back-Pressure  Characteristic  of  the  Ejector- Sensor 
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A  FLUERIC  PRESSURE  OH  FLOW  INTERFACE 
E.C.  Hind  * 


Abe  tract 

The  Interface  device,  which  haa  no  moving  parts,  will  cauae  the 
preaaure  and/or  flow  rate  of  one  fluid  to  vary  in  accordance  with 
the  preaaure  and/or  flow  rate  of  another  fluid. 

Baalcally,  the  device  conaiata  of  a  chamber  containing  an  Interface 
region  with  provision  for  dlacharge  of  the  two  flulda.  The  controlled 
fluid  ia  admitted  to  the  chamber  through  a  restriction  and  the 
controlling  fluid  ia  admitted  unreatrlcted.  Possible  uses  for  the 
device  are: 

1.  As  an  active  interface  between  gaa  and  liquid  aystams  by  converting 
gas  pressure  to  liquid  preaaure  and  vice  versa. 

2.  As  a  valve  in  kind  by  controlling  the  flow  of  liquid  by  gaa 
pressure. 

3.  As  a  flow  meter  by  converting  liquid  flow  rate  into  gaa  pressure. 

4.  As  a  mixing  valve  by  controlling  the  proportions  of  two  fluids  in 
a  discharge  flow  by  means  of  the  pressure  or  flow  rate  of  one 
fluid. 

Introduction 

The  purpose  of  this  paper  is  firstly  to  describe  a  type  of  interface 
device,  which  has  no  moving  parts,  and  which  will  cause  the  pressure 
and/or  flow  rate  of  one  fluid  to  vary  in  accordance  with  the  pressure 
and/or  flow  rate  of  another  fluid;  and  secondly,  to  present 
characteristic  curves  for  one  Interface  geometry  with  air  pressure 
or  flow  rste  controlling  water  pressure  or  flow  rate  and  vice  versa. 

The  characteristics  are  presented  for  the  Interface  device  with  and 
without  resiatance  type  loads  on  the  controlled  fluids. 

The  Interface  was  initially  developed  to  allow  a  conventional 
pneumatic  controller,  operating  over  the  standard  signal  range  of 
3-15  psl  (or  20  -  100  k  Pa),  to  drive  a  water  operated  vortex  flow 
modulator.  Although  initially  the  aim  was  to  convert  a  gaa 
pressure  into  a  liquid  preaaure,  studies  of  the  device  during  the 

*  University  of  New  South  Vales,  Australia. 
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past  two  years  have  shown  that  It  nay  ba  used  in  the  following 
additional  applications: 

To  vary  liquid  flow  rate  by  scans  of  gas  pressure. 

To  vary  liquid  pressure  or  flow  rate  by  means  of  gas  flow  rate. 

.  To  vary  gas  pressure  or  gas  flow  rate  by  neans  of  liquid  pressure. 

.  To  vary  gaa  pressure  or  gas  flow  rate  by  means  of  liquid  flow 

rate. 

.  To  control  the  proportions  of  the  two  fluids  in  a  discharge  flow 
by  neans  of  the  pressure  or  flow  rate  of  one  of  the  fluids. 

In  a  recent  paper  R.L.  Hoods*  has  described  a  most  interesting  Interface 
**plif ier  which  converts  gas  pressure  to  liquid  pressure  without 
■ovlng  parts,  with  no  intermixing  of  fluids  and  with  no  measurable 
control  flow.  However,  the  amplifier  operates  on  very  small  subambient 
pressures  and  so  the  feasibility  of  using  an  aspirator  to  convert  the 
output  signal  range  from  a  conventional  pneumatic  controller  into  an 
acceptable  subamblent  pressure  range  would  need  to  be  Investigated. 

Baaio  nature  of  Interface  Device 

Basically  the  device  consists  of  a  chamber  containing  an  Interface 
region  and  provision  for  discharge  of  the  two  fluids  from  the 
interface  region.  The  chamber  has  two  inlets.  The  controlling 
fluid  is  admitted  to  one  inlet  unrestricted  and  the  controlled  fluid  , 
which  cosms  from  a  constant  pressure  supply,  is  admitted  to  the  other 
inlet,  through  a  restriction.  The  discharge  from  the  Interface 
region  may  go  to  atmosphere,  to  drain  or  to  a  device  or  system  re¬ 
quiring  a  mixture  of  the  two  fluids.  In  addition  an  outlet  may  be 
provided  for  the  controlled  fluid  between  the  restriction  and  the 
interface  region.  This  controlled  fluid  outlet  would  be  connected 
to  a  device  or  load  driven  by  the  controlled  fluid  such  as  the  control 
port  of  a  fluid  amplifier. 

E  planation  of  Operation 

In  the  simplest  embodiment  of  the  device  the  discharge  occurs  through 
an  aperture  in  the  side  wall  of  a  tube  containing  the  coasson  surface 
of  the  two  fluids.  Fig.  1  shows  this  arrangement  when  air  is  the 
controlling  fluid  and  water  is  the  controlled  fluid. 


*  Hoods,  R.L.  A  Fluerio  Gae-to-Liquid  Interface  Amplifiert  Journal 
of  Dynamics  Systems,  Measurement  and  Control,  Trans-ASME, 

June  1973,  pp.  196-199. 
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Consider  the  effect  of  an  Increase  in  air  pressure;  this  will  force 
the  coaaon  surface  down,  increasing  the  flow  rats  of  air  and  reducing 
the  area  of  the  aperture  for  water  discharge.  This  will  reduce  the 
water  flow  rate  through  the  aperture  and  increase  the  water  pressure 
to  values  which  correspond  to  the  new  air  pressure.  If  the  water 
side  is  connected  to  a  load  the  increase  in  water  pressure  will  result 
in  sn  increased  flow  rate  of  water  through  the  load  resistance  and 
the  net  change  in  water  flow  rate  will  be  the  difference  between  the 
decrease  in  flow  of  water  through  the  aperture  and  the  increase  in  flow 
rate  through  the  load  resistance. 

If  the  air  pressure  is  reduced  the  conon  surface  rises  reducing  air 
flow  rate,  increasing  water  flow  rate  through  the  aperture  and 
reducing  water  pressure. 

If  the  air  flow  rate  is  Increased  the  coaaton  surface  is  forced  down, 
reducing  water  flow  rate  through  the  aperture,  resulting  In  an 
Increased  water  pressure  and  an  Increased  air  pressure. 

If  the  air  flow  rate  is  decreased  the  coaaon  surface  moves  up, 
increasing  water  flow  rate  through  the  aperture  and  reducing  water 
pressure  and  air  pressure. 

Experimental  Operating  CharaoterietioB 

The  operating  characteristics  depend  on  the  geometry  in  the  Interface 
region,  the  resistance  of  the  restriction  in  the  controlled  fluid  line, 
the  load  resistance  and  the  controlled  fluid  supply  pressure.  It  is 
assumed  that  sufficient  flow  of  the  controlling  fluid  is  attainable 
at  the  controlling  fluid  pressure.  This  will  be  so  if  sufficient  flow 
of  the  controlling  fluid  is  available  to  maintain  a  controlling 
pressure  of  15  pslg  with  zero  controlled  fluid  flow,  l.e.  with  an 
unrestricted  aperture. 

The  procedure  for  matching  the  controlled  fluid  restriction  (variable 
for  test  purposes)  to  the  interface  device  with  or  without  a  load 
resistance  was  to  set  a  small  controlling  fluid  flow  and  open  the 
controlled  fluid  restriction  so  that  the  output  pressure  was  1  or 
2  psl  .  The  controlling  fluid  pressure  was  then  increased  towards 
15  pel  .  If  output  pressure  oscillations  became  evident  at  high 
pressure  it  was  necessary  to  Increase  the  controlled  fluid  flow  rata 
by  either  reducing  the  resistance  of  the  controlled  fluid  restriction 
or  Increasing  the  supply  pressure  of  the  controlled  fluid.  Sstlsfactory 
operation  was  considered  to  exist  when  the  signal  range  limits  could 
be  exceeded  by  1  or  2  psl  at  each  end  without  excessive  oscillation 
and  without  either  air  entering  the  water  line  or  water  entering  the 
air  line  to  the  Interface  region. 

Various  interface  devices  have  been  tested.  In  the  case  of  the  simple 
tube  and  aperture  interface  the  following  aperture  shapes  have  been 
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tested  with  the  tube  vertical  end  air  adaltted  at  the  top  and  water 
at  the  bottom  circular  holes,  square  with  aides  parallel  to  tube 
axle,  triangle  with  apex  at  the  top,  triangle  with  apex  at  the  bottow, 
longitudinal  slot,  transverse  slot.  Other  devices  Include  vortex 
eapllflers  with  ilr  driving  water  and  water  driving  air;  and  a  pair 
of  concentric  swell  bore  tubes  one  Inserted  Into  the  other  with  verious 
amounts  of  overlap. 

The  Interface  device,  consisting  of  s  pair  of  vertically  opposed 
triangles  with  a  coowon  apex  and  bases  both  across  the  tube,  exhibited 
the  nost  nearly  linear  characteristics.  This  was  so  when  controlled 
pressures  end  flows  were  plotted  against  either  liquid  or  gas  controlling 
pressure  and  when  both  pressure  and  flow  characteristics  were 
considered. 

Figures  2,  3,  4  and  5  show  tha  characteristics  for  thlu  type  of  eperture 
with  equilateral  triangles  of  side  approximately  1/16  inch  cut  into 
the  side  of  a  tube  of  3/16  inch  inside  diameter. 

Figures  2  and  3  are  for  air  controlling  water  with  *  water  supply 
pressure  of  30  pslg  .  Figure  2  shows  weter  pressure  pal,  watar 
flow  rate  cc/mln  tnrough  the  restriction,  and  air  flow  rata  ft*/hr 
at  M.T.F.,  plotted  against  controlling  air  pressura  pal  The 
characteristics  are  shown  for  no  load  (full  lines)  and  driving  a  small 
bore  tube  of  length  1.875  Inch  and  Inside  dlasMter  0.042  Inch  as 
a  water  load  (dashed  lines).  Figure  3  shows  controlled  water  pressure 
and  water  flow  rate  plotted  against  controlling  air  flow  rate  with 
and  without  the  water  load  resistance. 

Figures  4  and  5  are  for  water  controlling  air  with  an  air  supply 
pressure  of  22.5  pslg  .  Figure  4  shows  air  pressure,  air  flow  rate 
through  the  restriction,  and  water  flow  rate  plotted  against 
controlling  water  pressure.  The  characteristics  are  for  no  load 
(full  lines)  and  driving  a  small  bore  tube  of  length  1.875  Inch 
and  Inside  diameter  0.024  Inch  as  an  air  load  (dashed  lines). 

Figure  5  shows  controlled  air  preesure  and  sir  flow  rata  plotted 
against  controlling  water  flow  rate. 

Pressure  gains  Indicated  at  the  measuring  points  are  about  0.94 
and  are  no  doubt  influenced  by  pressure  drops  In  the  line  and  fittings 
between  each  pressure  gauge  and  the  Interface  device.  As  force 
balance  ecross  the  area  of  the  common  surface  Is  necessary  pressure 
gelns  measured  in  the  Interface  region  could  be  expected  to  be  very 
neerly  unity  and  should  not  depend  on  the  shape  of  the  eperture. 

The  experimental  evidence  for  apertures  in  tube  type  interfaces 
certainly  suggests  that  the  pressure  gsln  does  not  depend  on  aperture 
shape.  Measured  pressure  gains  for  air  controlling  water  were  found 
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to  be  1ms  than  unity  and  to  bs  mainly  in  tba  range  0.90  to  0.97 
while  praaaura  gains  for  water  controlling  air  vara  of tan  unity  (to 
battar  than  0.1  pal  ovar  tha  signal  range),  but  could  vary  to  below 
a  gain  of  0.9  for  this  typa  of  davica. 

Tha  shapa  of  tha  aperture,  in  an  apartura  and  tuba  typa  davica,  does 
influence  tha  shapa  of  tha  controlled  flow  versus  controlling  pressure 
characteristic,  although  the  way  in  which  tha  shapa  influences  the 
characteristic  la  not  at  this  stage  dur. 

Oscillations  can  be  troublesowand  for  some  types  of  interface 
they  reach  a  max  law  of  0.4  psi  peak  to  pstk.  In  isolates  cases, 
the  oscillations  can  reach  2  pal  peak  to  puk.  In  contrast,  sow 
interfaces  produced  no  oscillation  ovar  tha  whole  of  tha  signal  ranga. 
In  this  respect  triangular  aperturM  with  air  controlling  ware  vary 
good.  Tha  relationship  between  apartura  alia  and  tuba  slse  assasd  to 
have  sow  bearing  on  the  Mount  of  oscillation;  waller  apertures 
giving  lass  oecillation,  a.g.  a  3/32  inch  diaswtar  apartura  in 
a  3/16  inch  dlasiatar  tuba  produced  significant  oscillations, 
particularly  with  watar  controlling,  whereas  a  1/16  inch  diameter 
hole  in  a  3/16  inch  diameter  tuba  produced  small  oscillations  only 
near  tha  top  of  tha  ranga  and  no  oscillations  ovar  tha  remainder  of  the 
ranga.  Concentric  tubas  (a.g.  air  tuba  of  0.040  inch  I.D., 

0.063  inch  O.D.,  length  1.175  inch  and  watar,  0.009  inch  I.D. , 
length  1.073  inch  with  about  0.25  inch  overlap)  with  air  driving 
showad  no  oscillation,  with  water  driving  oscillations  of  0.1  psi 
occurred  only  in  tha  ranga  of  13  to  15  psi. 

Thera  is  no  doubt  that  on  sow  occasions  tha  oscillations  wars  due  to 
the  presence  of  air  bubbles  trapped  in  the  watar  line  in  tha  vicinity 
of  tha  watar  pressure  gauge.  In  other  cases,  oscillations  ware 
■linin'* ted  by  increasing  the  flow  of  the  controlling  or  controlled 
fluid.  Sow  oscillations  ware  prof*ably  due  to  instability  in  the 
flow  through  the  apartura. 

A  few  interface  devices  appwrad  ti  produce  a  discontinuity  in  the 
water  flow  rata  characteristic  when  air  was  tha  controlling  medium. 

Limitation*  on  U»9 

When  tha  cosAlned  flow  from  tha  interface  region  is  not  being  used 
tha  davica  will  be  acceptable  provided  there  la  no  objection  to  the 
mixing  of  tha  two  fluida,  to  tha  venting  of  gas  from  tha  mixed 
discharge,  or  to  tha  draining  of  liquid  from  tha  nixed  discharge. 

In  this  case,  it  will  be  necessary  to  tolTate  sacrificial  flows, 
although  these  are  widely  accepted  in  pneumatic  and  hydraulic  systems. 


Conolueitm 

An  Interface  device*  without  aovlnt  parts*  has  been  described  which 
will  cauee  the  pressure  end/or  flow  rate  of  one  fluid  to  vary  In 
accordance  with  the  pressure  and/or  flow  rata  of  another  fluid. 
Characteristic  curves  have  been  presented  for  one  Interface  gaouatry 
based  on  water  or  air  pressure  Input  signal  ranges  of  3-15  pal 
with  cither  air  pressure  or  air  flow  rate  controlling  water  pressure 
or  water  flow  rate*  and  with  either  water  pressure  or  water  flow  rate 
controlling  air  pressure  or  air  flow  rate.  Although  the  device 
described  here  la  still  under  developeaMnt*  it  la  clear  that 
satisfactory  Interfaces  can  be  developed  for  any  of  the  above 
■entlooed  conversions  and  that  a  reasonably  linear  general  purpose 
Interface  la  also  possible. 
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ABSTRACT 

These  two  papers  discuss  many  of  the  available  fluidic  sensors  and 
the  phenomena  that  make  them  possible.  Included  are  various  types  of 
proximity  sensors,  angular  rate  sensors,  accelerometers,  temperature 
sensors,  concentration  sensors,  flow  temperature  sensors,  concentration 
sensors,  flow  sensors,  and  level  sensors.  Part  I  is  devoted  primarily 
to  the  description  of  devices  and  of  their  operating  characteristics. 
Part  II  discusses  some  additional  devices  and  gives  the  theoretical 
analysis  for  several. 
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FLUIDIC  SENSORS 
by 

Albertus  E.  Schmldlln 


INTRODUCTION 

Fluidic  technology  has  proved  to  be  a  viable  means  for  system^  im¬ 
plementation  in  industrial,  commercial  and  military  systems.  Necessarily 
the  fluidic  system  would  not  reach  this  stage  of  usefulness  if  totally 
Isolated  from  its  surroundings.  It  must  receive  input  signals  from  its 
environment,  act  upon  these  and  provide  control  outputs  if  it  is  to  serve 
a  useful  purpose.  The  input  to  the  system  is  provided  by  sensors.  The 
objective  of  this  paper  is  to  present  a  state  of  the  art  survey  of  sen¬ 
sors,  both  having  extensive  use  in  operating  systems  and  those  still  in 
the  R&D  phase. 

At  the  outset  a  sensor  should  be  defined  in  broad  terms.  Consider 
the  block  diagram  in  Figure  1.  Here  ve  see  the  sensor  represented  by 
the  Block  S.  It  receives  input  signals  and  power  as  shown.  It  provides 
an  output  as  a  function  of  the  input.  A  generalized  input  might  be  rep¬ 
resented  by  the  function  F^n.  This  function  can  be  dependent  upon  many 
variables  although  in  a  specific  case  the  number  is  limited.  In  fact  a 
perfect  sensor  responds  to  only  one  variable,  the  variable  of  interest, 
and  is  not  responsive  to  all  of  the  others.  Unfortunately,  perfect  sen¬ 
sors  are  difficult  to  design.  Although  a  device  might  respond  primarily 
to  one  variable,  spurious  outputs  may  occur  as  a  result  of  other  vari¬ 
ables  in  the  system. 

Let  us  define  these  variables.  The  variables  x,x,x  and  rep¬ 

resent  linear  and  angular  exiresslons  for  the  displacement,  velocity  and 
acceleration,  respectively.  These  may  be  Inertial  variables  used  to 
represent  the  position  of  a  vehicle  in  flight,  or  of  a  machine  or  part  of 
a  machine  in  motion.  This  is  the  case  where  the  application  Involves 
inertial  control  of  a  system.  On  the  other  hand  x  can  represent  a 
physical  dimension.  An  example  is  a  piece  part  being  machined,  and 
could  represent  the  angular  position  of  connected  mechanical  linkages  in 
a  machine.  The  symbol  f  is  an  on/off  function.  It  represents  a  yes  or 
no,  presence  or  absence,  a  zero  or  one.  Switches,  push  buttons  and 
start,  stop  devices  are  in  this  category.  "A"  represents  another  physical, 
dimensional  variable,  namely;  area.  An  example  is  the  cross  sectional 
area  of  a  circular  hole  or  the  projected  area  created  by  an  object  in  a 
passage  of  a  fixed  size. 

The  variables  T,P,Q  and  C  represent  properties  of  the  fluid  --  temp¬ 
erature,  pressure,  flow  and  concentration  or  purity.  These  variables  are 
especially  significant  because  they  define  the  fluid  itself.  Fluidics  is 
particularly  advantageous  to  use  where  fluid  Itself  is  being  controlled. 
Finally,  the  variables  E  and  I  Introduce  electrical  signals  in  the  expres¬ 
sion.  A  device  which  responds  to  these  inputs  is  a  transducer  rather  than 
a  sensor;  these  variables  are  included  to  complete  the  generalized  ex¬ 
pression. 
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The  output,  F  ,  is  necessarily  very  simple.  It  consist  of  fluidic 
potentials  only.  Knee,  pressure,  F,  flow,  Q  and  frequency,  are  the  only 
variables  to  be  expected  In  this  signal.  The  great  number  of  parameters 
in  the  Fj_  function  Illustrate  the  difficulty  In  preparing  a  comprehensive 
paper  on  the  subject  of  fluidic  sensors.  Hence,  this  paper  is  only  a 
beginning  and  Is  an  Invitation  for  other  authors  to  present  their  know¬ 
ledge  and  experience  in  this  very  Interesting  and  necessary  part  of 
fluidic  technology. 

PROXIMITY  SEHBORS 

The  first  sensor  to  be  discussed  is  perhaps  the  simplest.  It  Is  an 
on/off  device  which  responds  to  £  (or  x)  In  the  generalized  function.  It 
Is  a  push  button  and  provides  a  switching  function  upon  the  application 
of  the  Input  signal.  The  simplest  implementation  of  the  push  button  Is 
one  where  the  finger  is  used  as  the  flapper  of  a  nozzle /flapper  valve  as 
shown  In  Figure  2  (Reference  1).  Placing  the  finger  over  the  nozzle  pro¬ 
duces  a  pressure  and  flow  output  from  the  vertical  leg  of  the  device. 
Manufacturers  also  make  a  fluidic  element  called  a  Key  (Reference  2)  or 
Back  Pressure  Switch  (Reference  3)  which  performs  a  similar  function. 

By  placing  an  object  over  port  C,  In  Figure  2  (b),  the  switching  function 
Is  accomplished.  The  basic  difference  between  these  two  devices  Is  that 
(a)  Is  proportional  and  (b)  is  digital.  This  means  that  partial  cover¬ 
ing  of  the  nozzle  will  produce  a  proportional  pressure  Increase  at  the 
output  while  partial  covering  at  C,  will  produce  no  switching  In  output 
until  It  reaches  the  prescribed  degree.  Output  pressure  and  flow  are 
functions  of  the  Input  conditions.  Devices  of  this  type  are  available 
for  supply  pressures  between  1.25  and  5.0  psig,  consume  between  42cu. 

In.  per  minute  and  0.3  softs  and  provide  output  pressures  between  2C$  and 
hOJf  of  the  supply.  Manufactures  package  these  devices  In  numerous  combin¬ 
ations  vlth  push  buttons,  toggles,  etc.,  including  colors  and  styles. 

The  next  group  of  devices  is  u  family  of  position  or  proximity  sen¬ 
sors.  The  flapper  /nozzle  principle  can  be  applied  here  also  vlth  tbr 
flapper  being  replaced  by  the  object  being  sensed.  Other  devices  are 
as  shown  In  Figure  3  (Reference  3).  The  cone- jet  sensor  uses  an  annular 
nozzle,  connected  to  the  supply  port,  surrounding  a  sensing  hole,  con¬ 
nected  to  the  output  port,  as  shown  in  the  figure.  The  high-velocity 
Jet  of  supply  air  converges  after  leaving  the  nozzle,  enclosing  a  bubble 
of  low  pressure  within  the  flow  cone.  Therefore,  the  pressure  at  the 
sensing  opening  Into  the  base  of  the  cone  Is  normally  slightly  below 
atmospheric.  When  an  object  enters  the  flow  cone,  a  portion  of  the 
supply  Jet  Is  reflected  from  the  object  back  Into  the  bubble  region, 
Increasing  the  pressure  at  the  output  port.  The  change  Is  Inversely 
proportional  to  the  gap  between  the  object  and  the  nozzle. 

In  comparison  to  the  back-pressure  sensor,  the  cone-jet  achieves 
sensing  gaps  as  much  as  ten  times  greater  far  an  equivalent  flow  con¬ 
sumption.  Edges,  steps,  grooves,  saall-dlameter  objects  and  cloth  or 
screen  mesh  can  be  sensed  with  precision  by  this  device  because  of  the 
convergent  shape  of  the  Jet.  Efficient  pressure  recovery  permits  sen- 
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sing  a  distance  of  up  to  1/8”. 

The  sensor  Is  nearly  lsmune  to  external  contamination  since  the  out¬ 
put  flow  is  principally  supply  air  recovered  from  the  interior  of  the  flow 
pattern.  If  desired,  positive  purging  can  be  achieved  by  introducing  a 
small  flow  between  the  sensor  output  and  the  control  input  of  its  switch¬ 
ing  component. 

A  different  principle  of  proximity  sensing  is  used  in  the  vortex 
sensor,  which  employe  a  vortex  chamber  to  produce  a  swirling  flow  in  the 
shape  of  a  diverging  cone.  This  high-velocity  flow  field  entrains  air 
from  the  surrounding  atmosphere.  Air  entrained  from  the  center  of  the 
vortex  is  normally  replaced  by  ambient  air  drawn  in  through  the  open  top, 
as  shown  in  figure  3,  thus  maintaining  equal  (atmospheric)  pressure  in¬ 
side  and  outside  the  cone.  However,  the  approach  of  an  object  acts  to 
restrain  the  free  supply  of  ambient  air  to  the  center  of  the  vortex  and 
a  reduced  pressure  region  forms  there,  since  entrainment  continues.  This 
region  may  be  sezued  as  vacuum  by  am  output  tap  at  the  apex  of  the  cone, 
or  as  a  decreasing,  but  positive,  pressure  by  a  tap  offset  from  the  apex. 

The  output  si,(nal  is  analog,  proportional  to  the  gap  between  sensor 
and  object,  but  Halted  in  range  and  gradual  In  slope.  For  this  reason, 
the  vortex  sensor  can  be  used  only  with  a  high  gain  fluidic  amplifier  or 
the  fluidic  Schmitt  trigger,  an  extremely  sensitive  switch  with  very 
narrow  hysteresis.  This  combination  provides  an  effective  sensing  range 
up  to  1/2". 

Contamination  of  the  external  parts  of  the  vortex  sensor  from  am¬ 
bient  air  is  likely  and  is  not  a  dangerous  condition.  The  positive  out¬ 
put  pressure  prevents  contaminants  from  entering  the  Internal  parts  of 
the  sensor  or  the  Schmitt  trigger;  localized  contaminant  build-up  can 
be  cleaned  away  periodically  as  required. 

The  third  type  of  proximity  sensor  is  the  OJ  sensor.  This  is  a 
longer-range  sensor  (Reference  k)  employing  an  annular  nozzle  to  create 
a  diverging  flow  ol‘  air,  as  shewn  in  Figure  3*  If  there  is  no  obstruc¬ 
tion,  mutual  attraction  causes  the  sides  of  the  air  stream  to  converge, 
enclosing  a  central  bubble  that  contains  a  slight  vacuum.  This  signal 
is  sensed  through  an  opening  in  the  raised  centerpiece  at  the  point 
where  the  air  strecin  Bakes  the  sharpest  turn.  The  output  signal  under 
this  condition  is  approximately  0.10  psl  vacuum. 

This  flow  pattern  remains  stable  as  long  as  it  is  unobstructed,  but 
the  Intrusion  of  any  object  diverts  part  of  the  flow  and  bursts  the 
bubble.  The  output  pressure  rises  abruptly  to  near-atmospheric  when  the 
air  stream  shifts  away  from  the  output  opening. 

As  long  as  the  object  is  present,  this  condition  is  a  stable  one, 
so  the  response  of  the  OJ  sensor  to  the  presence  of  an  object  is  digital, 
rather  than  analog.  The  device  exhibits  a  considerable  hysteresis  be¬ 
cause  the  air  stream  cannot  converge  again,  once  the  bubble  is  broken. 
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until  the  entire  bubble  zone  le  free  of  obstruction. 

The  range  of  the  OJ  sensor  Is  approximately  1-1/8"  end  remains  rel¬ 
atively  constant,  regardless  of  changes  in  supply  pressure.  An  inter¬ 
face  valve  Is  supplied  vith  each  sensor  to  convert  the  OJ  output  to  a 
signal  compatible  with  the  back- pressure  switch  mentioned  earlier. 

Another  type  of  object  sensor  employs  the  obscuration  or  interrup¬ 
tion  principle.  The  fluidic  Interruptible  Jet  sensor,  in  its  simplest 
fora,  employs  an  air  stream  projecting  from  a  transmitting  nozzle  across 
a  gap  to  a  receiver.  As  long  as  the  flow  is  unimpeded,  sufficient  pres¬ 
sure  Is  recovered  by  the  receiver,  as  shewn  in  Figure  4,  to  hold  a 
switching  element  in  the  "on"  condition.  When  an  object  enters  the  Jet, 
the  output  pressure  at  the  receiver  is  reduced,  changing  the  state  of 
the  switching  element  to  signal  the  event.  This  sensor  can  be  built 
into  the  structure  of  a  mechanism.  The  basic  parameters  for  such  a 
design  are  given  in  Figure  4  (Reference  3).  Air  consumption  limitations 
dictate  a  sensing  gap  no  greater  than  0.75"  to  1.0". 

Another  obscuration  scheme  employs  a  bsam  rather  than  a  stress 
which  Is  Interrupted  by  the  object.  The  beam  consists  rf  a  high  frequency 
(50  kHz)  wave  which  Is  transmitted  to  a  receiver,  a  Fluidic  Bar,  (Ref¬ 
erence  5).  The  signal  Is  delivered  when  the  inaudible  50  kHz  sound  is 
received  and  the  signal  becomes  zero  when  the  sound  Is  interrupted; 
maxima  separation  between  transmitter  and  receiver  Is  a  function  of  sup¬ 
ply  pressure,  60  Inches  being  attainable  at  a  supply  pressure  of  1.6 
psig,  as  shown  in  Figure  4.  Response  time  is  2  milliseconds  and  objects 
as  sup  11  as  1  square  Inch  are  detectable  at  a  separation  distance  of  5 
Inches . 

In  the  reflex  mode,  shown  in  Figure  5,  a  non  absorbing  surface, 
positioned  to  satisfy  the  law  of  reflection  (angles  of  Incidence  and  of 
reflection  equal  and  In  the  same  pirn*),  deflects  the  acoustic  wave  Into 
the  sensor  amplifier  of  the  senses'  circuit.  The  acoustic  energy  causes 
this  amplifier  to  go  off  which  in  turn  allows  the  output  amplifier  to  go 
on. 


By  using  interferometric  techniques,  the  resolution  can  be  Improved 
by  at  least  two  orders  of  magnitude.  One  sensor,  in  Figure  5,  uses  a  re¬ 
flecting  surface  in  the  primary  radiation  field  to  form  an  image  that 
produces  a  secondary  radiation  field.  The  super-position  of  the  two 
fields  farms  a  pattern  of  dead  zones  or  fringes. 

When  the  reflecting  surface  changes  postion  with  respect  to  the 
sensor  system,  the  fringes  shift,  passing  over  the  mouth  of  the  sensor. 
Output  pressure  of  the  sensor  circuit  drops  to  zero  when  the  null  point 
of  the  fringe  is  centered  In  the  mouth  of  the  sensor.  Using  this 
technique  displacements  as  small  as  .001  inch  can  be  measured.  This 
sensor  is  described  In  more  detail  in  another  paper  devoted  entirely 
to  It.  A  s unary  of  the  various  types  of  object  sensors  is  given  in 
Table  I.  Photos  of  typical  off  the  shelf  hardware  are  shown  in  Figure  6. 


120 


u 


a  a 

O  M 
ft  0, 

$ 

£ 

O 

s 

£ 

> 

£ 

U 

£0 

CO 

CO 

CO 

co 

CO 

1  • 

9  IA 

• 

& 

• 

o 

r* i 

• 

• 

$ 

• 

q  ♦> 

o* 

o 

o 

c 

o 

o 

m  vO 


•  • 

ft  O 


it; 


y  O 
BOM 
•H  fJ  ft 

q  A  co 
o 


M 

a 


§ 


CO 

€> 


S 

5 


8 

o 

I 

u 

9 

o 

0 

o 

o 

S 

o 

o 

8 

8 

8 

ft 

R 

8 

ft 

H 

H 

H 

o 

m 

o 

o 

o 

o 

o 

o 

o 

o 

s 

£ 

3 

£ 

3 

s 

£ 

CVJ 

m 

>3 

_j 

°o 

A 

♦>  8 

r4 

o 

X 

£ 

m 

n 

X 

S3 

£ 

vfj 

r* 

£ 

CVJ 

a 

H 

H 

CO 

ro 

Ml 

< 

H 

H 

~<U 

m 

r^l 

H 

5 

3 

33. 

•3  * 

li 

■9 

3 

•a| 

as 

333 

3  33 

5 

53 

5£ 

O  M 

CO  fc 

5 

53 

5  £  5! 

121 


A  logical  progression  from  proximity  sensors  is  to  sensor  systems 
which  employ  these  devices.  Sensors  which  count  can  be  Implemented  by 
using  a  proximity  sensor  (or  an  Interruptible  jet,  a  fluidic  ear,  etc.) 

In  conjunction  with  a  counting  circuit.  The  great  number  of  such  com¬ 
binations  rules  out  the  possibility  of  covering  all  these  In  this  paper. 

A  potential  user  can  easily  find  manufacturers  who  will  define  his  pro¬ 
ducts  and  will  design  a  system  to  setlsfy  his  requirements .  A  few  ex¬ 
amples  of  sensor  systems  which  are  available  in  a  package  will  be  given. 
For  example,  a  liquid  level  sensor  can  be  Implemented  by  using  a  back 
pressure  sensor  and  a  bubble  pipe.  One  manufacturer  advertises  the 
system  In  Figure  7  with  the  switching  characteristics  shown  (Reference  6). 

A  sensor  for  continuously  monitoring  the  size  of  a  wire  filament  or 
yarn  can  be  Implemented.  This  Is  accomplished  by  passing  the  wire 
through  a  passage  of  fixed  area  and  measuring  the  differential  area  be¬ 
tween  the  wire  and  the  hole.  Schematically  the  circuit  is  similar  to  the 
nozzle/flapper  combination  except  here  the  wire  obscures  pert  of  the 
passage  area,  thereby  developing  a  pressure  output  as  a  proportional 
function  of  size.  The  unique  feature  of  this  sensor  is  the  ability  to 
monitor  the  size  of  the  filament  as  It  is  moving  through  the  manufacturing 
process . 

An  unusual  measuring  device  Is  the  hot  forging  sensor  (Reference  7). 
The  fluidic  non-contacting  gage  is  a  system  designed  for  taking  measure¬ 
ments  on  a  rotating  hot  r.hell  body.  An  arm  supported  like  a  lever  has  a 
nozzle  on  one  end  from  which  an  air  jet  pressure  supports  the  arm  at  a 
given  distance  above  the  rotating  shell.  As  the  high  and  low  areas  of  the 
rotating  shell  move  under  the  Jet,  the  lever  action  transmits  the  up  and 
down  motion  to  the  opposite  end  of  the  arm  where  an  appropriate  fluidic 
back  pressure  sensor  measures  the  dimensional  change  In  the  shell. 

A  successful  demonstration  of  the  fluidic  non-contacting  gage  was 
made  at  the  Scranton  Army  Ammunition  Plant  in  which  the  external  runout 
of  a  hot  shell  forging  was  measured. 

In  feeding  paper  to  printing  presses  or  in  automated  packaging,  two 
sheets  are  often  mistakenly  fed  to  the  machine  Instead  of  one.  Many 
printing  and  packaging  machines  have  to  negotiate  sheets  as  thin  as  0.03  ± 
0.1mm.  A  fluidic  sensor  designed  for  these  thicknesses  was  described 
by  F.O.  Bavagnoll  of  Politecnico  di  Torino  of  Italy  at  the  Fourth  Cran- 
field  Fluidics  Conference  held  In  Coventry,  England.  The  basic  element  of 
the  fluidic  sensor  Is  an  Inhibited  OR-NOR  gate.  The  Inhibitor  signal 
divides  between  two  channels  which  are  connected  to  two  sensing  heads 
during  operation.  When  a  single  sheet  passes,  the  suction  forces  it 
toward  one  senoing  head,  leaving  the  other  head  free.  When  two  sheets 
pass,  both  sensing  heads  are  blocked.  This  Induces  the  gate  to  switch 
which  in  turn  acutates  an  Indicator  or  shutoff  device. 

RATE  SENSORS 


There  Is  a  simple  concept  presented  In  the  literature  which  senses 
the  rotational  speed  of  spur  gears  (Reference  8).  The  primary  sensor 
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is  an  Interruptible  jet  through  which  the  teeth  of  the  gear  travel.  A 
Jet  of  air  emanates  from  the  emitter  nozzle.  When  the  gear  rotates,  air 
transported  between  gear  teeth  has  a  tangential  velocity  proportional  to 
the  angular  speed  which  deflects  the  emitter  Jet.  Gear  teeth  block  the 
emitter  jet  periodically.  Thus,  the  deflected  jet  comes  through  the  gear 
as  a  pulsed  signal  at  a  frequency  equal  to  the  number  of  gear  teeth  times 
the  angular  speed.  The  output  collector  then  receives  the  deflected  Jet, 
and  the  passive  fluldlc/circuit  of  the  collector  filters  out  the  high- 
frequency  signals  caused  by  the  gear-teeth  interruptions.  The  result  is 
an  average  analog  output  pressure  signal  that  is  a  function  of  the  an¬ 
gular  speed. 

There  are  other  devices  for  sensing  angular  rates  of  rotation  which 
Inherently  are  much  more  sensitive  than  the  device  Just  described.  They 
are  also  more  complicated  and  expensive  and  are  better  suited  for  use  in 
Inertial  guidance  and  control  to  sense  the  angular  pitch  or  yaw  rate  of 
a  vehicle  rather  than  the  rotational  rate  of  a  shaft.  In  the  latter  case 
one  wished  to  determine  the  shaft  speed  with  respect  to  a  fixed  position 
on  the  machine.  In  the  former  case  one  desires  to  know  the  pitch  rate 
of  the  vehicle  1 1th  respect  to  a  fixed  reference  such  as  the  stars  (or 
the  earth).  In  this  case  the  entire  system  including  the  sensor,  the 
power  source  and  the  control  system  are  inside  the  vehicle.  If  these 
devices  were  used  to  measure  the  speed  of  a  shaft,  only  the  sensor  it¬ 
self  would  be  part  of  the  rotating  system  and  means  would  be  needed  to 
provide  flow  into  and  out  of  the  moving  shaft  by  means  of  rotating  coup¬ 
lings  or  pneumatic  slip  rings.  Hence,  plumbing  such  applications  be¬ 
comes  unduly  complicated. 

Two  typea  of  devices  sure  available  for  onboard  measurement  of  the 
angular  rate  of  a  vehicle.  One  of  the  earliest  schemes  for  a  fluidic 
angular  rate  sensor  uses  a  rigid  Jet  pipe  nozzle  and  is  sometimes  cal¬ 
led  a  garden  hose  device.  The  principle  in  this  scheme  was  first  pre¬ 
sented  more  than  30  years  ago  (Reference  9).  It  is  based  on  the  concept 
that  a  Jet  of  fluid  will  be  deflected  from  its  initial  straight  line 
path  if  the  Bystem  is  subjected  to  angular  rotation  (the  Coriolis  effect) 
and  can  be  used  to  make  on-board  measurements  of  vehicle  motion.  In  this 
way  output  signals,  which  are  a  function  of  angular  rate  of  rotation, 
are  generated.  The  garden  hose  device  principle  is  shown  in  Figure  8 
(Reference  10).  A  Jet  of  fluid  issues  from  a  Jet  pipe  rigidly  mounted 
on  the  Instrument  (as  shown  at  the  origin  of  the  XYZ  axes).  The  tube 
is  aligned  with  respect  to  a  target  (plckoff )  located  some  distance 
away  from  the  origin  leaving  an  unconfined  fluid  stream  between  the  tube 
exit  and  plckoff.  In  the  absence  of  all  inertial  body  forces  and  motion, 
the  fluid  Jet  strikes  the  plckoff  "on  target".  If  there  is  motion  of 
the  vehicle  such  as  rotational  velocity,  w,  about  the  Z  axis  or  linear 
acceleration,  y,  along  the  Y  axis,  there  will  be  a  deflection  of  the  Jet 
from  the  line  of  sight.  This  is  an  example  of  a  device  which  is  sensi¬ 
tive  to  two  different  inputs.  Owing  to  this  angular  rate /linear  accel¬ 
eration  coupling,  this  principle  cannot  be  used  in  its  simplest  form  in 
a  general-purpose  instrument.  As  a  linear  accelerometer,  it  will  have 
an  error  due  to  angular  rates  of  rotation  and  as  an  angular  rate  sensor 


it  will  bare  an  error  due  to  linear  acceleration. 

In  a  practical  fora  of  the  device  the  acceleration  sensitivity  can 
be  nullified.  If  the  jet  pipe  and  plckoff  are  totally  enclosed,  the  Jet 
will  discharge  Into  a  region  which  la  filled  with  fluid.  Therefore, 
this  ambient  fluid,  as  well  as  the  unconflned  jet,  will  be  subjected  to 
the  acceleration.  The  net  result  Is  the  cancellation  of  the  acceleration 
sensitivity.  The  fluidic  laminar  angular  rate  sensor  will  be  discussed 
In  greater  detail  In  a  paper  devoted  only  to  that  subject. 

Work  has  also  been  done  on  an  axisymmetric  laminar  Jet  angular  rate 
sensor  (Reference  11).  This  device  was  constructed  In  a  two -axis  version; 
that  Is,  two  pairs  of  outputs  were  provided  to  provide  output  signals 
from  the  pitch  and  yaw  axes  of  a  vehicle.  Several  design  features  of 
the  sensor  deserve  mention.  As  Is  shown  In  Figure  9,  the  sensor  con¬ 
sists  of  two  co-axial  tubes.  The  power  Jet  flows  inside  the  Inner  tube. 
This  tube,  called  the  entrainment  tube  serves  to  partially  protect  the 
power  Jet  against  outside  disturbances .  It  and  the  outer  case  provide  a 
convenient  method  of  returning  entrainment  flow  to  the  power  Jet.  A 
set  of  holes  at  the  Junction  of  entrainment  tube  vlth  the  power  nozzle 
admit  entrainment  flow  to  the  Jet.  The  Jet  can  thus  have  a  close-fitting 
wall  around  It  which  helps  its  stability.  Since  entrainment  flow  is 
furnished  at  the  power  nozzle  exit,  the  Jet  does  not  have  to  perform  as 
an  ejector.  Excess  return  flow  is  dumped  to  ambient  by  a  set  of  axial 
vent  holes  In  the  power  nozzle  block. 

Another  device  Is  the  fluid  vortex  angular  rate  sensor.  It  1b  based 
on  the  conservation  of  angular  momentum  and  uses  a  gaseous  or  liquid 
fluid.  Upon  entering  the  device,  the  fluid  is  given  the  angular  rotational 
rate  of  the  Instrument  housing.  A  typical  configuration  Is  shown  In 
Figure  8  (Reference  10).  There  Is  a  continuous  flow  of  fluid  Into  the 
manifold,  radially  through  the  coupler  and  vortex  chamber  and  axially 
out  of  the  drains.  If  there  1b  a  component  of  angular  rotation  around 
the  axis  of  the  device,  the  coupler  superimposes  a  tangential  velocity 
onto  the  radial  flow,  thereby  creating  a  vortex.  The  amplification  of 
the  circumferential  velocity  in  this  vortex  Is  a  function  of  the  radial 
velocity.  For  an  lnviscld  Incompressible  fluid  the  angular  momentum 
will  be  conserved.  This  creates  a  swirling  flow  as  depicted  in  Figure 
8.  A  suitable  plckoff  device  senses  this  tangential  velrdty  component. 

Since  the  velocity  Increases  hyperbollcally  at  small  radii.  It  Is 
potentially  possible  to  detect  small  rates  of  rotation  of  the  device. 

In  the  Ideal  case,  the  circumferential  velocity  approaches  infinity  as 
the  fluid  approaches  the  center  of  the  vortex.  For  a  real  fluid,  viscous 
effects  change  this  distribution  of  angular  momentum.  The  velocity 
curve  follows  the  Ideal  (lnviscld)  case  for  large  radii  but  It  soon 
reaches  a  maximum  value  at  a  critical  radius.  Inside  of  this  radius 
the  circumferential  velocity  no  longer  Increases.  Hence,  for  design 
purposes  It  becomes  Important  to  predict  the  location  of  this  point. 

This  requires  an  understanding  of  the  flow  field,  Including  the  effects 
of  viscosity. 
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The  two  devices  described  here  art  available  in  many  sizes  for  both 
liquid  and  gaseous  fluids.  The  sensitivity  extends  froa  a  threshold  of 
less  than  0.1  degrees  per  second  to  a  full  scale  range  of  3000  degrees 
per  second.  Photos  of  hardware  are  shown  in  Figures  10  and  11  (Reference 
12).  Other  characteristics  of  the  vortex  angular  rate  sensor  are  as 
follows: 


o 

o 

o 
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TABLE  II 


VOBTg  RATE  SHBOR  CHARACTERISTICS 
(data  Tram  Previous  Programs) 


Parameter 

Range  (°/aec) 

Threshold  (°/sec) 

Frequency  Response 
(CPS)  (90°Phase  Shift) 
Transport  Delay  (Sec) 

Output  lerel  (Psl) 

Scale  Factor  (Psl/0 
/sec) 

Noise  P-P 

null  offset  (°/sec) 

Linearity  (*  FS) 
Pressure  Drop  (Psl) 
Flow 

Size  (Inch) 

Weight  (lbs.) 

Temp.  Effects 
(*  SF/°F) 

Regulation  (♦  *) 

Reliability 
(hours  MTEF) 

Accel.  Eff. 

Vibration  Eff. 

Shock  Eff. 

Boise  Eff. 

Radiation  Eff. 


Pneumatic 

3000 

2000 

0.1 

0.05 

15 

8.3 

0.0  5 

0.030 

0.2 

0.3 

0.00k 

0.002 

0.01*  FS 
.25/sec 

O  O 

•  • 

S3 

Adjustable  Adjustable 
to  l°/sec  to  l°/sec 

2.0 

2.5 

10 

8 

1.0  SCIM 

O.k  SCFM 

6D  x  1 

3D  x  .8 

1.5 

.3 

0.1 

0.08 

1 

1 

neg. 

05°/sec/g 

neg. 

neg. 

neg. 

neg. 

neg. 

neg. 

Hard 

Hard 

Rydraullc 


500 

100 

0.05 

0.2 

25 

5 

0.010 

0.050 

15 

10 

0.005 

0.003 

0.2*  FS 

0.1*  °/sec 

0.5*  FS 
0.5*  °/sec 

Adjustable 
to  l°/sec 

Adjustable 
to  l°/sec 

1.0 

1.0 

60 

60 

k.O  CIS 

2.0  CIS 

2.5D  x  20 

2.5D  x  1.5 

0.7 

0.5 

0.1 

0.1 

1 

1 

50,000 

50,000 

neg. 

neg. 
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HYBRID  RATE  SEHBCRS 


An  Interesting  implementation  of  the  Coriolis  effect  j*t 

principle  is  in  s  hybrid  device  which  utilises  an  electrical  pick  off 
to  sense  the  fluid  flow  field  as  it  is  Influenced  by  the  rate  of  rotation 
(Reference  13)*  An  air  pump  (Figure  12)  connected  to  a  long,  small- 
diameter  tube  creates  a  laminar  air  Jet  which,  when  undisturbed,  flows 
along  the  centerline  of  the  drift  tube  which  houses  the  device.  When 
the  device  is  subjected  to  an  angular  rotation  about  an  axis  perpendicular 
to  the  centerline  of  the  Jet,  the  inertial  properties  of  the  air  Jet 
cause  it  to  be  deflected  laterally.  The  magnitude  and  sense  of  the  de¬ 
flection  are  proportions  a.  to  the  magnitude  and  sense  of  the  input  angu¬ 
lar  rate.  The  two  tiny  thermistor  deflection  sensors  are  positioned 
symmetrically  about  the  undisturbed  air  Jet  and  separated  a  distance 
approximately  equal  to  the  Jet  nozzle  diameter.  The  thermistors  are 
electrically  connected  into  a  simple  bridge  circuit  (as  shown  in  the 
sketch)  which  provides  enough  current  to  cause  self- heating  of  the  two 
thermistors.  In  the  undisturbed  state  the  bridge  is  balanced  and  the 
meter  Indicates  zero.  When  the  air  Jet  is  deflected  away  from  its  normal 
centerline  position,  the  velocity  of  the  air  flowing  by  one  thermistor 
(toward  which  the  Jet  is  deflected)  is  greater  than  the  velocity  of  air 
flowing  by  the  opposite  thermistor.  This  causes  an  unbalance  in  the 
cooling  of  the  two  thermistors.  Since  the  thermistor  resistance  in¬ 
creases  with  decreasing  temperature,  the  electronic  bridge  becomes  vdi- 
balancedj  this  unbalance  is  indicated  by  a  positive  deflection  of  the 
meter.  When  the  air  Jet  is  deflected  in  the  opposite  direction  by  a 
negative  input  angular  rate,  the  other  thermistor  is  cooled,  thus  un¬ 
balancing  the  bridge  in  the  opposite  sense.  This  causes  the  meter  to 
Indicate  a  negative  value.  Thus  the  device  yields  an  indicated  output, 
the  magnitude  and  sense  of  which  are  proportional  to  the  input  angular 
rate  about  a  particular  axis. 

The  significant  characteristics  of  this  device  are  as  follows: 

Size:  1-inch  in  diameter  x  3  Inches  long  +  2  cu.  in.  of  electronics 

Weight:  3  oz.  plus  3  oz.  of  electronics  (2.8  watts) 

Range:  Up  to  2000°/sec. 

Frequency  Response:  Up  to  TO  EE 

Threshold  Resolution:  0.005)1  of  full  scale,  0.005°/8ec  minimum 

Some  of  the  fluidic  devices  mentioned  earlier  are  limited  to  single- 
axis  instruments.  Therefore,  in  a  multi-axis  system  individual  sensors 
would  be  required  for  each  axis.  There  are  many  applications  for  two- 
axis  rate  sensors.  Typical  cases  are  stabilized  platforms  for  air¬ 
craft,  missiles,  armament,  telescopes  and  other  Instruments.  A  simple 
scheme  is  available  for  two-axis  rate  sensing  using  a  hybrid  device. 
Bread-board  systems  of  two-axis,  fluidic-output  rate  gyros  have  been  de¬ 
veloped.  The  rate  gyros  provide  a  gas  output  signal  proportional  to  the 
input  rate  about  each  of  two  orthogonal  axes.  Boom  can  be  built  with 
either  a  conventional  analog  output,  or  a  Pulse-Diration-Modulated  (PDM) 
output.  PIM  signals  are  particularly  useful  in  fluidic  control  systems, 
since  they  are  easier  to  amplify  and  transmit  than  analog  signals. 
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There  are  several  Implementations  of  this  principle  by  different  aanu- 
facturers.  One  typical  rate  gyro  design  is  shown  in  Figure  13A  (Refer¬ 
ence  10).  The  rotor  is  suspended  on  a  spherical,  pressurized  hearing 
restrained  by  two  pairs  of  pneunatlc  springs,  which  are  produced  by 
pressurised  torqulng  cavities  located  on  two  orthogonal  axes.  In  the  an¬ 
alog  node,  the  poeiamtlc  springs  nust  be  deflected  when  the  gyro  is  pro¬ 
cessed  at  the  input  rate.  When  the  pneunatlc  springs  deflect,  a  pressure 
differential,  which  is  proportional  to  the  torque  required  to  precess 
the  rotor,  and  therefore  proportional  to  the  input  rate,  develops 
across  then.  In  the  slightly  more  complex  pm  mode,  the  rotor  position 
is  sensed  by  a  fluidic  plckoff  (not  shown).  The  two  torquer  pairs  op¬ 
erate  continuously  and  cause  the  rotor  to  precess  back  and  forth  at  a 
constant  rate  between  two  Units  determined  by  the  plckoff.  When  the 
input  rate  is  zero,  the  argular  distance  between  the  rotor  precession 
limits  is  the  same  in  both  the  clockwise  and  counter-clockwise  directions. 
Since  the  precession  rates  are  equal,  the  transit  times  are  also  equal; 
however,  in  the  presence  of  an  input  rate,  the  angular  distances  between 
the  Units  are  not  equal.  When  the  rotor  processes  in  the  same  direction 
as  the  input  rate,  the  plckoff  liklt  attached  to  the  gyro  frame  rotates 
in  the  sane  direction,  and  the  total  angular  travel  is  greater  than  that 
for  zero  input  rate.  When  the  rqtor  precession  opposes  the  input  rate, 
the  frame  rotates  towards  the  rotor  and  the  angular  distance  is  reduced. 
The  PDi  signal  is  actually  two  on-off  signals  that  are  never  on  simul¬ 
taneously. 

Test  results  indicate  that,  this  Instrument  can  provide  either  a 
pulse-duration  modulated  or  an  analog  pressure  signal,  having  a  full 
scale  input  of  0.1  revolutions  per  second.  Resolution  is  0.1  percent 
of  full  scale  with  a  linearity  of  less  than  2%.  A  photograph  of  an 
alternate  design  is  shown  in  Figure  13B  (Reference  6).  Major  design 
goals  achieved  in  this  device  were  both  the  development  of  a  stable  air 
bearing  configuration,  as  well  as  a  demonstration  of  the  feeslblUty  of 
closing  fluidic  damping  and  torqulng  loops  around  the  gyro  rotor.  A 
scale  factor  of  0.2  psl/deg/sec  was  measured.  The  gyro  loops  were  oper¬ 
ated  with  sufficient  gain  to  give  a  40  rad/sec  gyro  bandwidth  while  still 
retaining  adequate  nutation  damping.  The  loops  were  operated  stable 
over  a  rotor  speed  range  of  3000  to  5000  rpm. 

FLUIDIC  AOCEMBCHETmS  -  AKA  LOO 


One  of  the  most  needed  instruments  in  aerospace  guidance  and  control 
is  the  accelerometer.  Fluidic  accelerometers  (devices  having  a  minimum 
number  of  moving  parts),  which  utilize  a  physical  mass  of  solid  material 
and  produce  output  signals  in  fluid  form,  are  available.  This  output 
can  be  used  in  f lueric  amplifiers  end  logic  devices  to  perform  the  neces¬ 
sary  signal  processing. 

Flueric  accelerometers,  which  eliminate  the  solid  proof  mass  and 
use  a  purely  fluid  phenomenon,  are  not  state-of-the-art  devices,  in  the 
same  sense  as  other  flueric  sensor b  such  as  vortex  angular  rate  sensors, 
fluid  temperature  sensors,  etc.  Hence,  the  art  of  deriving  a  fluid 
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output  proportional  to  acceleration  has  received  concentrated  investi¬ 
gation.  The  main  factor  Is  to  conceive  a  scheme  in  which  a  large  output 
signal  Is  derived  from  the  fluid  due  to  acceleration.  By  using  a  liquid 
Jet  In  the  garden  hose  device  described  earlier,  one  may  derive  a  large 
enough  signal  at  the  plckoff  from  the  high  kinetic  energy  in  the  liquid 
stream.  However,  this  Idea  suffers  from  two  problems.  The  angular  rate 
sensitivity  must  be  compensated  for  and  the  power  supply  for  the  liquid 
Jet  becomes  prohibitive  in  some  application. 

Many  schemes  become  feasible  when  two  fluids  of  different  densities 
are  used;  technically,  Jet  devices  then  become  feasible.  Principles 
which  utilize  the  body  force  on  the  heavy  fluid  as  a  proof  mass  can  be 
applied.  A  light  fluid  Is  used  as  the  signal  transmission  fluid  and  to 
provide  a  low  density  ambient  atmosphere  around  the  Jet.  Recent  work  on 
the  viscous  vortex  angular  rate  sensor  has  yielded  a  new  form  of  fluerlc 
accelerometer  (Reference  14).  By  providing  a  manifold  divided  Into  two 
halves,  see  Figure  14,  a  flow  field  composed  of  two  different  fluids  is 
created.  These  fluids  enter  at  A  and  B,  respectively.  If  A  Is  acre 
dense  than  B  the  body  forces  due  to  acceleration  will  create  a  swirling 
flow.  The  swirl  will  be  as  shown  for  downward  body  forces  with  fluid  A 
entering  on  the  left  and  fluid  B  entering  from  the  right.  This  would  be 
the  case  for  the  device  resting  on  the  lab  bench  In  the  earth's  gravi¬ 
tational  field,  or  for  the  case  of  the  device  accelerating  upward.  The 
sensitive  axis  is  along  the  vertical  line  00'  passing  through  the  parti¬ 
tions  In  the  manifold  as  shown. 

Testing  of  this  device  has  shown  a  threshold  of  10"1*  0  and  a  full 
scale  range  of  1/20  (Reference  14). 

In  general,  dual  fluid  concepts  are  not  readily  accepted  because  of 
the  need  for  two  sources  of  fluid  power  rather  than  one.  Applications 
In  closed  systems  for  long-flight  durations  have  the  added  complication 
of  separating  the  two  fluids  before  returning  them  to  their  respective 
reservoirs.  The  Ideal  fluerlc  accelerometer  would  utilize  a  heavy 
fluid  (liquid)  as  a  proof  mass  and  a  light  fluid  (gas)  as  a  signal 
transmission  medium;  the  ultimate  feasibility  of  such  a  scheme  would  de¬ 
pend  upon  a  means  for  capturing  the  heavy  fluid  so  that  only  one  fluid 
power  source,  the  gas,  would  need  replenishment  in  the  system.  As  a 
result  of  studies,  a  fluer.'c  acceleration  sensor,  based  on  a  new  prin¬ 
ciple  was  Invented.  It  use1.’  a  heavy  liquid  (mercury)  In  a  configuration 
that  produces  large  hydrostatic  pressure  gradients  proportional  to  and 
aligned  with  the  acceleration  vector.  The  mercury  Is  contained  In  a 
capsule  with  porous  walls;  its  surface  tension  prevents  seepage  through 
the  pores;  hence,  the  mercury  charge  Is  held  fixed.  Gas  flow  is  main¬ 
tained  inward  through  one  wall  of  the  porous  capsule  and  emerges  through 
other  walls.  The  gas  passes  through  the  mercury  in  the  form  of  small 
bubbles.  The  gas  pressure  required  to  maintain  flow  depends  primarily 
upon  the  pressure  required  to  form  bubbles  at  the  entrance  interface 
between  the  liquid  mercury  and  the  porous  wall.  Since  this  pressure  is 
a  function  of  the  local  hydrostatic  pressure,  it  provides  a  measure  of 
the  acceleration.  A  schematic  is  shown  in  Figure  15  (Reference  15). 


129 


In  tents  of  the  ex*  ^  rtal  model,  the  output  signal  pressure  was 
determined  as  a  functie.  x  f  '\e  acceleration  Imparted  to  the  device. 
Figure  1 6  depicts  the  re  yi  *  cf  the  accelerometer  In  the  range  from 
O-lOOg'e.  The  maximum  o*r  j  j-  differential  pressure  vas  approximately 
20  percent  of  the  supply  pressure  of  25  pslg,  and  the  mercury  to  lime 
vas  0.4  cc  or  25  percent  of  the  total  Internal  volume  of  the  porous 
cylinder.  It  Is  observed  from  Figure  16  that  the  output  pressure  In¬ 
creases  monotonlcally  with  Increasing  acceleration  up  to  the  point  where 
saturation  occurs.  The  acceleration  range  over  which  the  output  signal 
Increases  monotonlcally  depends  upon  the  ratio  of  the  volume  of  mercury 
to  total  cylinder  volume,  l.e.  the  ratio  must  decrease  to  broaden  the 
range.  The  signal  output  vas  nearly  identical  for  Increasing  and  de¬ 
creasing  acceleration  and  hysteresis  vas  determined  to  be  less  than  .01 
psl.  Ifo  noise  data  were  specifically  recorded.  Figure  l£  provides  In¬ 
sight  into  the  dependence  of  the  operating  range  of  the  accelerometer 
on  supply  pressure,  and  the  volume  of  mercury  encapsulated  within  the 
device.  The  accelerometer  yields  a  linear  output  over  the  greatest 
range  for  a  supply  pressure  of  40  pslg.  The  maximum  acceleration  for 
which  linearity  Is  maintained  Is  In  excess  of  100  g's.  As  the  supply 
pressure  Is  decreased,  the  range  of  linearity  decreases  proportionately, 
e.g.,  for  a  supply  of  10  pslg,  the  accelerometer  exhibits  linearity  up 
to  approximately  35  g's.  Linearity  at  low  g- levels  (below  10  g's)  vas 
obtained  and  Figure  16  shows  the  output  signal  pressure  as  a  function  of 
acceleration  for  a  supply  of  2  pslg.  Linearity  vas  exhibited  over  the 
entire  range  and  the  maximum  output  signal  pressure  vas  0.34  pslg.  The 
data  were  obtained  for  both  acceleration  and  deceleration,  and  aB  seen 
from  Figure  16,  the  hysteresis  was  approximately  0.01  psl.  Preliminary 
data  Indicated  that  the  threshold  of  the  accelerometer  vas  approximately 

O. 06  g's.  Only  a  small  variation  In  threshold  vas  observed  for  two  sup¬ 
ply  pressures,  10  and  40  pslg. 

For  some  applications,  higher  scale  factors  are  required  from  the 
instrument  without  the  use  of  amplification.  This  can  be  done  In  a  hy¬ 
brid  device  using  a  solid  proof  mass.  There  are  several  Implementations 
of  devices  of  this  type  by  different  manufacturers;  typical  of  these  Is 
the  schematic  drawing  shown  on  Figure  17  (Reference  10).  A  proof  mass,  M, 
Is  supported  between  two  end  plates,  E,  on  a  cylindrical  gas  bearing. 

A  continuous  flow  of  gas  streams  from  the  gas  supply  through  the  restric¬ 
tor  Aq,  where  the  pressure  drops  from  Pg  to  P^  (or  Pg)  depending  on  which 
side  Is  being  discussed.  It  then  enters  the  forcing  cavity  of  diameter  d. 
It  escapes  through  the  peripheral  area  at  h,  and  h-,  and  then  is  vented 
through  the  end  plates  to  the  atmosphere,  when  an  acceleration  is  ap¬ 
plied  to  the  case,  it  moves  relative  to  the  proof  mass.  This  causes  the 
gaps  to  change,  h^  becomes  smaller  and  becomes  larger.  As  a  result, 
a  pressure  differential  across  the  proof  mass  develops  in  the  forcing 
cavities.  This  differential  is  maintained  by  the  supply  at  a  pressure 

P.  The  pressure  differential  acting  on  the  forcing  cavity  area  creates 
a  force  that  Just  balances  the  Inertial  reaction,  causing  the  proof  mass 
to  accelerate  with  the  case  In  the  steady  state.  The  output  (P^-Pg),  Is 
linearly  related  to  the  acceleration.  The  scale  factor  is  a  function  of 
the  geometry  and  mass  and  Is  therefore  constant.  The  proof  mass  is 
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supported  on  a  cylindrical  gas  bearing  made  to  minimize  friction  forces 
on  the  proof  nass.  In  addition,  it  affords  a  restraint less  suspension  of 
the  proof  mass.  The  One  ”0"  fluidic  accelerometer  shown  In  Figure  18  was 
tested  against  a  typical  performance  specification.  Figure  19  shows  the 
output  pressure  versus  input  acceleration.  The  data  points  are  shown.  The 
two  extreme  lines  show  the  performance  envelope,  as  defined  by  the  maximum 
signal  error  of  +  5$  F.S.  and  the  maximum  g  error  at  zoro  output  pres* 
sure  of  +  0.002  g.  These  results  illustrate  that  a  high  scale  factor 
can  be  attained. 

Other  designs  are  available  from  other  manufacturers.  A  different 
design  proved  that  a  high  0  range  device  Is  feasible.  Figure  20  shows 
a  photograph  and  typical  test  results  on  this  device.  (Reference  16). 

The  cylindrical  seismic  mass  Is  supported  radially  by  flexures  which 
are  designed  to  provide  rigid  lateral  and  angular  support  of  the  mass. 

Axial  support  is  from  gas  thrust  bearings  that  oppose  the  acceleration 
forces  on  the  seismic  mass. 

Under  the  Influence  of  axial  acceleration  forces,  a  pressure  dif¬ 
ferential  Is  built  up  between  the  two  gas  bearings  to  support  the  seismic 
nass.  The  change  In  pressure  differential  is  linearly  related  to  the 
acceleration  with  a  high  degree  of  precision.  The  output  Is  taken  from 
circumferential  grooves  In  each  gas  bearing. 

The  accelerometer  with  ranges  up  to  400  g,  has  been  built  in  both 
steel  and  aluminum,  and  normally  operates  at  supply  pressures  of  150  to 
200  pslg.  However  the  device  can  operate  on  supply  pressures  as  low  as 
20  pslg  for  low  acceleration  ranges. 

Output  pressure  levels  are  20  to  70  percent  of  the  absolute  supply 
pressure.  Frequencies  of  the  spring  mass  system  are  from  100  to  3000 
cps,  depending  upon  the  range.  Exact  system  response  may  be  designed 
to  suit  any  specific  application. 

Accelerometer  gains  range  from  0.02  to  0.4  psld/g.  If  higher  gains 
are  required,  the  accelerometer  may  be  provided  with  a  fluidic  proportion¬ 
al  amplifier  which  will  boost  the  differential  pressure  output  to  as  much 
as  2  psid/g. 

Still  another  implementation  of  the  seismic  mass  fluidic  accelero¬ 
meter  showed  accuracies  suitable  for  Inertial  navigation  systems  could 
be  attained  (Reference  17).  The  cylindrical  seismic  mass  is  supported 
on  a  fluid  film,  the  equivalent  of  a  hydrostatic  bearing.  An  accel¬ 
eration  force  tends  to  displace  the  mass  along  the  sensitive  axis.  This 
motion  causes  a  decrease  in  the  gap  between  the  mass  and  the  pad,  in¬ 
creasing  the  resistance  to  flow  and  the  pressure  on  the  pad  In  a  man¬ 
ner  as  described  earlier.  The  resetting  pressure  differential  balances 
the  acceleration  force  and  this  pressure  differential,  which  is  measured 
at  the  signal  pressure  parts,  Is  proportional  to  acceleration. 
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A  development  model  wi  designed,  fabricated  and  tested  and  a  final 
model  was  built.  Tha  results  showed  tbs  following  operating  character- 
lsties:  (Rsfsrsnce  17) 

8cals  factor:  9*12  Inches  vater  per  0 

1-0  linearity:  6  x  10“*  0 

Hull  uncertainly:  *  2.2  x  10“*  0 

Hull  repeatability:  t  2.5  x  10“ **0 

Threshold:  5  x  10“ 5  o 

Maximum  Input:  9  0 

Dynamic  range:  2  x  10“5 

later  development  Incorporated  a  "squeeze  film"  dawping  technique 
that  has  Increased  the  daaplng  ratio  fron  less  than  0.03  to  0.7*  The 
unit  is  shown  In  the  photo  in  Figure  21a. 

Figure  21b  (Reference  6)  shows  yet  a  different  design.  In  this  de¬ 
vice  acceleration  applied  along  the  sensitive  axle  results  In  a  deflection 
of  selsalc  aass  and  Jet  pipe  relative  to  the  signal  plckoff  probe.  The 
signal  pressure  Is  amplified  and  applied  to  the  nulling  nozzles,  to 
produce  a  force  to  restore  the  aass  to  its  neutral  position.  The  restor¬ 
ing  force  Is  proportional  to  the  differential  pressure.  Closed  loop  op¬ 
eration  aalntalns  the  restoring  force  equal  to  the  acceleration  force, 

The  scale  factor  (pel  perg)  la  then  a  function  of  the  selsnlc  aass  and 
of  the  area  of  the  nulling  nozzle. 

In  sone  specialized  applications,  It  Is  desirable  to  sense  the  accel¬ 
eration  of  a  vehicle  by  a  special  purpose  device.  This  unit  has  neither 
the  precise  performance  nor  the  complexity  of  the  acceleraseters  Just 
described.  In  the  flight  of  an  aerospace  vehicle,  the  performance  during 
the  boost  phase  has  a  direct  effect  on  the  trajectory  of  the  flight.  A 
major  factor  here  Is  the  propulsion  system.  Its  performance  can  be  mon¬ 
itored  using  onboard  Instruments  by  sensing  pressure,  temperature,  fuel 
flew,  etc.  The  most  direct  way  to  measure  the  performance  of  the  engine 
Is  to  measure  the  acceleration  produced  on  the  vehicle.  A  hybrid  accel¬ 
erometer  was  conceived  which  would  sense  the  launch  acceleration.  The 
objective  was  to  devise  a  high  reliability,  low  cost  device  to  monitor 
the  time  when  a  minimum  acceleration  of  the  vehicle  Is  reached.  A  design 
having  a  minimum  number  of  moving  parts  and  imposing  a  minimum  power 
drain  on  the  gas  supply  was  desired. 

The  Fluidic  0  Sensor  and  schematic  are  shown  In  Figure  22  a  &  b 
(Reference  13).  The  conversion  of  a  sensed  acceleration  Into  a  repre¬ 
sentative  pressure  signal  is  the  basic  operational  function.  Referring 
to  Figure  22  the  sensor  consists  of  a  selsalc  mass,  a  flat,  unbonded 
elastomer  diaphragm,  and  a  variable  vent  plate.  The  Inlet,  outlet,  and 
variable  vent  resistors  shown  are  sized  to  ensure  subsonic  flow.  Ini¬ 
tially,  supply  pressure,  P,  passes  through  tbs  fixed  flow  inlet  resistor 
into  the  chamber  forcing  the  diaphragm  off  Its  seat  and  permitting  the 
fluid  to  escape  out  the  variable  vent.  As  acceleration  is  applied,  the 
force  acting  upon  the  sensing  mass  will  force  the  diaphragm  down  changing 
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the  distance  x  and  partially  blocking  the  variable  vent.  The  chaaber 
and  orifice  above  the  seismic  naee  act  as  a  damper  to  restrain  the  motion 
of  the  aase  under  dynamic  conditions. 

At  a  fixed  acceleration  level,  a  force  balance  la  created  In  vhlch 
the  force  on  the  mass  due  to  the  chaaber  pressure  balances  the  acceleration 
force  and  the  ease  cooes  to  rest.  The  value  of  this  pressure  Is  a  measure 
of  acceleration  and  Is  transmitted  to  the  fluidic  system.  A  detailed 
computer  analysis  of  mass  motion,  fluid  flow,  vent  area  calculations, 
etc.,  are  Included  In  a  separate  paper.  Results  of  tests  are  shown  In 
Figure23.  The  "a”  sensor  Is  an  example  where  high  accuracy  Is  not  re¬ 
quired  and  where  an  analog  signal  Is  tolerable.  In  the  complete  system 
the  signal  Is  transmitted  to  a  Schmitt  trigger  Vhlch  switches  at  a  dis¬ 
crete  "0"  level.  Typically,  this  system  is  active  for  only  a  matter  of 
seconds . 

FUJIDIC  AOCEUHCMETHtS  -  DIQIEAL 

In  other  specialized  applications,  the  acceleration  measurement  Is 
used  in  a  computation  scheme.  Here,  the  device  Is  active  for  an  exten¬ 
ded  time  period  and  accuracy  Is  important .  For  example,  the  accelero¬ 
meter  signal  may  be  integrated  once  (or  twice)  In  a  calculation  of  In¬ 
crements  of  velocity  (or  distance).  It  is  desirable  here  to  Integrate 
a  digital  rather  than  an  analog  signal  In  order  to  preserve  accuracy. 
Therefore,  accelerometer  concepts  which  yield  digital  outputs  are  of 
Interest.  Two  devices  under  development  are  described  In  the  following 
section. 

Previously  developed  pneumatic  accelerometers  exhibited  unaccep¬ 
table  sensitivity  to  environmental  temperature  changes  and  supply 
pressure  variations.  Both  of  these  parameters  affected  performance  in 
a  non-linear  fashion  and  were  hard  to  compensate.  In  order  to  provide 
acceptable  performance  characteristics  under  these  conditions,  a  proof - 
of -principle  model  of  a  unique  concept  for  a  fluidic  accelerometer  was 
analyzed.  The  accelerometer  concept  studied  was  unique  In  that  accel¬ 
eration  was  measured  as  a  ratio  of  two  frequencies  generated  by  two 
fluidic  oscillators.  The  Idea  was  that  when  ratios  are  used,  enviro¬ 
nmental  Influences  vhlch  modify  frequency  will  affect  both  oscillators 
Identically,  thus  keeping  the  ratio  of  the  frequencies  constant. 

The  testing  of  this  proof -of -principle  model  (FPDA)  Indicated 
several  areas  vhlch  required  further  development,  namely,  linearity  and 
hysteresis  (Reference  19).  A  follow-on  program  was  instituted  to  re¬ 
duce  the  nonlinearities  and  hysteresis  by  redesign  of  the  device. 

The  basic  concept  for  this  digital  accelerometer  concept  uses  the 
ratio  of  two  frequencies  as  a  measure  of  acceleration  expressed  by 
a  *  KJT-/R-.  Thus  frequencies  If.  and  lfo  tre  generated  by  flueric  os¬ 
cillators  of  Identical  design  vnich  will  be  affected  indent ically  by 
temperature  and  pressure  variations. 
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The  digital  accelerometer  consists  of  proof  mis  which  is  suspended 
by  s  spring  it  a  cylinder.  This  mss  responds  to  acceleration,  soring 
two  identical  pistons  in  cylinders  causing  changes  in  volune  (and  capaci¬ 
tance)  in  the  feedback  circuit  of  a  relaxation  oscillator  as  shown  in 
Figure  24.  When  a  variable  capacitance  (or  rolune)  is  placed  in  the  feed¬ 
back  line  of  a  fluidic  oscillators,  as  in  the  figure,  the  output  frequency 
of  the  oscillator  is  a  function  of  this  capacitance.  This  function  is 
generally  non-linear,  and  accounts  for  the  non-linear  bebarlor  of  other 
fluidic  accelerometer  concepts,  where  direct  conversion  of  proof  mss 
notion  into  output  frequency  is  used. 

This  acceleroaeter  circunrents  the  problea  by  utilizing  variations 
in  oscillator  period  rather  than  oscillator  frequency.  Certain  types  of 
fluidic  feedback  oscillators  previously  developed  exhibited  a  linear  re¬ 
lationship  (Figure  25)  between  variations  in  volune  and  period  of  oscil¬ 
lation.  By  using  the  change  in  volune  created  by  the  proof  mss  notion 
as  a  feedback  volune  for  the  oscillator,  a  linear  relationship  between 
acceleration  and  oscillator  period  exists. 

The  acceleroaeter  concept  is  completed  by  processing  the  acceler¬ 
ation  sensitive  oscillator  signals  together  with  a  high  frequency,  free- 
running  oscillator  signal,  through  a  fluidic  AMD  gate  as  shown  in  Figure 
26.  The  number  of  pulses,  M,  from  the  free  running  oscillator,  seen  as 
an  output  and  the  AMD  circuit  per  period  T  of  the  volune  controlled  os¬ 
cillator,  will  be  in  direct  proportion  to  the  acceleration,  a.  A  fluidic 
counter  accumulates  the  masher  of  pulses,  N,  admitted  through  the  AMD 
gate  and  is  reset  after  each  period  T. 

A  photograph  of  the  sensor  is  shown  in  Figure  27. 

The  second  principle  utilizes  a  vibrating  system  which  is  accel¬ 
eration  sensitive  (Reference  20).  The  digital  fluidic  vibrating  string 
sub-assemblies  are  packaged  dlanetrlcally  opposite  in  a  conun  housing. 
Bach  vibrating  string  subassembly  consists  of  a  round  wire,  wire  term¬ 
inations,  a  tension  spring,  a  seismic  mss,  an  input  pressure  nozzle, 
a  receiver,  and  a  nozzle  and  receiver  support  plate.  The  housing.  In 
addition  to  providing  a  means  for  mounting  the  vibrating  subass  sab  lies, 
also  accommodates  a  beat  frequency  detector  element  and  a  fluidic  filter 
capacitor.  A  manifold  network  is  an  integral  part  of  the  housing.  This 
network  directs  the  input  air  supply  to  the  nozzles  and  beat  detector  and 
the  output  pulses  from  the  receivers  to  the  various  fluidic  elements.  A 
schematic  diagram  of  the  device  is  shown  in  Figure  28.  The  device  oper¬ 
ates  in  the  following  manner:  A  flow  of  gas  (Air)  at  5  pslg,  is  intro¬ 
duced  into  the  input  port  of  the  device  and  directed  by  the  nozzles 
towards  the  midpoint  of  each  wire,  thus  creating  a  disturbing  force. 

This  disturbing  force  excites  each  wire  in  a  transverse  mode  of  vibra¬ 
tion  at  its  fundamental  natural  frequency.  The  gas  flow  exciting  the 
input  nozzles  is  periodically  Interrupted  by  the  wire  motion,  resulting 
in  a  sinusoidal  pressure  pulse  (of  the  same  frequency  as  the  wire)  which 
is  detected  by  the  receiver.  The  sinusoidal  pulses  from  each  receiver 
are  then  fed  to  the  beat  frequency  detector  element  through  the  manifold 
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network,  and  a  nodulated  pres  sure  signal  containing  the  sum  and  difference 
frequencies  la  obtained.  This  nodulated  signal  la  demodulated  by  the 
pneumatic  filter  capacitor  and  a  difference  frequency  la  generated  at 
the  output  port  of  the  device. 

The  natural  frequency  of  each  wire  la  directly  proportional  bo  the 
square  root  of  the  tension  in  each  wire.  Aa  acceleration  is  applied 
along  the  input  axis  of  the  device,  the  tension  in  each  wire  changes  by 
virtue  of  the  acceleration  forces  on  the  seismic  mass  attached  to  each 
string  assembly.  The  tension  in  one  wire  is  increased,  thus  raising 
its  natural  frequency,  while  the  tension  in  the  other  wire  is  decreased 
thus  reducing  its  natural  frequency.  The  beat  difference  frequency 
which  appears  at  the  output  port  of  the  device  is  proportional  to  the 
acceleration  and  therefore  can  be  used  as  a  direct  measure  of  the  ab¬ 
solute  acceleration  applied.  The  device  could  also  be  used  as  an  in¬ 
tegrator  to  provide  a  measure  of  the  velocity  change  acquired  during 
a  specific  time  interval  by  an  accumulated  frequency  difference  count. 

Typical  performance  resulta  are  shown  in  Figure  29a  (Reference  20) 
and  a  photo  is  shown  in  Figure  29b. 

ATTITUDE  01R06 


In  many  aerospace  systems  it  is  desirable  to  control  the  attitude  of 
the  vehicle.  Hence  an  attitude  gyro  is  needed.  A  means  for  sensing  the 
attitude  with  a  fluerlc  device  (no  moving  parts)  has  not  yet  been  demon¬ 
strated  and  perhaps  this  objective  is  the  most  difficult  to  achieve. 

For  control  of  a  vehicle  about  two  axee,  a  two-degree-of -freedom 
gyro  is  a  necessity.  This  function  is  best  performed  by  elements  having 
a  few  moving  parts.  The  term  "hybrid"  fluidic  sensor  is  used  to  des¬ 
cribe  a  sensor  in  which  a  mechanical  moving  element  is  Introduced  into 
a  pure  fluid  component  to  obtain  performance  beyond  the  current  state- 
of-the-art  for  fluerlc  devices.  The  use  of  a  limited  number  of  "hybrid" 
fluidic  devices  in  a  fluerlc  system  has  certain  advantages  over  the 
fluidic  approach  at  this  time.  Such  devices  provide  simplicity,  lew 
cost,  and  are  leas  affected  by  severe  environmental  conditions. 

A  Two  Axis  Pneumatic  Plckoff  (TAPP)  gyroscope  was  successfully 
tested  several  years  ago  by  the  Army  using  Little  John  missiles  as  test 
vehicles.  The  miss-distance  from  the  aiming  point  was  negllblble 
(Reference  10). 

The  gyroscope  rotor,  supported  on  a  gas  bearing,  is  the  only  moving 
mechanical  part.  The  gyroscope  contains  a  spin-up,  bearing,  and  plck¬ 
off  gas  supply  bottle;  a  squib  ignited  activator;  a  unique  internal 
regulator;  a  gyro  rotor  and  gas  bearing  assembly;  a  two-axis  pneumatic 
plckoff,  and  a  fluerlc  summing  module.  Versions  are  available  which  pro¬ 
vide  either  analog  or  digital  pneumatic  output.  These  meet  rigid  per¬ 
formance  specifications  in  operating  environments  over  1200  0,s  contin¬ 
uous  or  shock  loads  and  non-operating  shock  loads  10  times  greater.  A 
photo  of  the  TAPP  gyro  is  shown  in  Figure  30  (Reference  21). 

An  attitude  gyro  of  a  different  design  is  shown  in  Figure  31  ( Refer - 
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ence  6).  This  unit  Includes  automatic  sequencing  for  startup  and  un¬ 
caging  and  Is  adaptable  for  use  on  stable  platforms.  The  gyro  parameters 
and  the  drift  characteristics  ore  as  follows: 

GYRO  PARAMETERS 


Size: 

Weight: 

Angular  Freedom: 
Readout  Range: 
Scale  Factor: 

g  Capability: 
Spin  Time: 
Operating  Speed: 

Caging  Pressure: 


l£  Inches  dlam.  by  2  1/8  long 
0.3  lbs 
+  10° 

Linear  to  +  3° 

Uncompensated  -  0.8  psi/deg 
Compensated  -  0.6  psl/deg 
100  g  @  35  pslg  supply- 
100  RPM/sec/psl  above  cage  pressure 
Uncompensated  -  6000  to  15,000  RPM 
Compensated  -  3000  to  5000  RPM 
30  to  40  pslg 


GYRO  HUFT  CHARACTERISTICS 
100  g  CAPABILITY 


SN#1 

SN  #2  Uncomp 

.  SN  #2  Camp. 

Bias  Drift 

Erection  Drift 

10°/hr 

10°/hr 

50P/hr 

In  Phase  #1 

90^/hr/deg 

165° /hr/deg 

55°/br/ deg 

#2 

72°/hr/deg 

24oP/hr/deg 

90°/hr/deg 

Quad.  #1 

24°/hr/deg 

100P/hr /deg 

250/hr/deg 

#2 

0  Sensitive 

50°/hr/deg 

80°/hr/deg 

4o°/hr/deg 

Spin  Axis 

360°/br/g* 

300°/hr/g  *Rotor  was  not  mass 

Readout 

@  6000  RPM 

@  6000  RPM 

balanced 

Scale  Factor 

0.8  psi/deg 

0.8  psl/deg 

0.6  psl/deg 

Noise  (100Hz  BW) 

20  arc  min 

20  arc  min 

20  arc  min 

Bandwidth 

300  rad/Bec 

300  rad/sec 

300  rad/sec 

Cage  Repeatability 

1.0  mllllrad 

1.0  mllllrad 

1.0  mllllrad 

A  third  attitude  gyro  design  Is  pictured  In  Figures  32  and  b.  Teste 
of  this  unit  provided  the  following  results  (Reference  22). 


FLUIDIC  GYRO  TEST  RESULTS 


Drift  Bias 

Acceleration  Sensitive  Drift 
(Acceleration)2  Sensitive  Drift 
Auto-Erection 
Alignment  Error 
Uncage  Error 
PicLoff 
Threshold 
Null  Offset 
Flow  Impact  Beas 
Linearity  0-2  Degrees 


84  Degrees /Hour 

1.17  (SA),  0.31  (IA)  Degrees/Hour/msec”' 
O.Olfl  Degrees/Hour/nrsec-4 
1.0  Degrees/Hour /Hz /rad 
1.0  mrad  (maximum) 

1.0  mrad  (maximum) 

1.0  mrad 
1.5  mrad 
1.0  Degrees/Hour 
0.28  Percent 
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FLUIDIC  GYRO  TEST  RESUHTS  -  con't 


2-5  Degrees  I.85  Percent 

Scale  Factor  0.025  Hcm“2/Degrees 

Angular  Freedom  +  10  Degrees 

Maximum  Plckoff  Angles  +  5  Degrees 

Spin-Up  Time  ¥  Seconds 

Operating  Time  60  Seconds 

A  fourth  attitude  gyro  design  is  shown  in  Figure  33  (Reference  23). 
The  overall  size  of  this  gyro  is  2^"  in  diameter  and  3?  long.  The 
objectives  were  to  develop  a  fluid  plckoff  that  used  the  natural  rotor 
boundary  layer  as  the  power  source  for  the  sensor,  improve  gyro  uncage 
repeatability  to  achieve  a  0.5-mrad  Iff1  value,  develop  new  lapping  methods 
to  advance  the  state  of  the  art  of  rotor  cavity  fabrication,  and  verify 
gyro  performance  in  a  simulated  missile  vibration  environment. 

TEMPERATURE  AND  CONCENTRATION  SENSORS 


An  important  characteristic  of  fluidics  Is  the  dependency  of  the 
performance  of  certain  fluidic  elements  on  the  properties  of  the  fluid. 
This  Is  particularly  significant  in  the  case  of  gases.  Here  the  effects 
are  so  pronounced  that  some  devices  can  be  used  to  detect  changes  in 
these  properties  and  therefore  become  sensors  of  that  property  of  the  gas. 
Of  particular  significance  Is  the  effect  of  acoustic  properties  on  the 
frequency  of  a  fluidic  oscillator.  Since  the  speed  of  an  acoustic  wave 
is  a  function  of  the  molecular  structure  and  the  density  and  temperature, 
the  fluidic  oscillator  becomes  a  basic  building  block  for  sensing  gas 
temperature  or  for  detecting  changes  in  concentrations  of  a  mixture  of 
gases  of  different  densities. 

There  are  two  basic  oscillator  designs,  the  Jet-edge  resonator 
cavity  and  delay  line  relaxation  oscillator.  Both  have  been  used  as 
temperature/concentration  sensors.  Typical  of  the  applications  of  the 
Jet-edge  cavity  resonators  is  the  carbon  dioxide  concentration  sensor 
(Reference  24).  The  physical  configuration  of  this  device  and  the  per¬ 
formance  characteristics  are  as  shown  in  Figure  3^.  Devices  having  a 
similar  physical  configuration  have  been  applied  extensively  for  temp¬ 
erature  measurement  of  gases.  These  devices  cam  be  designed  for  use  over 
a  wide  temperature  range  from  room  temperature  to  4 000°  F  and  above. 

A  typical  application  is  in  the  aircraft  Jet  engine.  Here  the 
measurement  of  the  turbine  inlet  gas  temperature  is  particularly  import¬ 
ant  for  the  optimum  control  of  the  engine  parameters.  The  fluidic  sensor 
excels  among  all  other  types  in  accuracy  and  response  time  while  bolding 
good  ratings  in  maintenance,  weight  and  cost  (Reference  25).  A  com¬ 
parative  evaluation  is  shown  in  Table  HI. 

These  devices  are  digital  in  nature,  that  is,  the  fluidic  signal 
is  a  series  of  pulses,  a  frequency  or  a  differential  frequency. 
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Other  devices  produce  analog  signals,  that  Is,  signals  which  are 
steady  but  nodulated.  Typical  among  these  is  a  passive  fluerlc  gas  con* 
centrator  sensor  that  can  be  used  to  determine  the  concentration  of  a 
gas  relative  to  a  reference  gas  mixture.  The  sensor  is  composed  of 
linear  (viscosity  dependent)  and  nonlinear  (density  dependent)  fluid 
resistors  connected  in  a  bridge  circuit.  The  bridge  output  is  a  dif¬ 
ferential  pressure  signal  proportional  to  the  unknown  concentration. 

The  low  output  signal  of  the  sensor  is  amplified  by  a  high-gain  laminar 
proportional  amplifier.  The  sensor  is  capable  of  sensing  from  extremely 
low  concentrations  to  full  gas  concentrations  with  good  linearity  and 
low  noise.  (Reference  26).  The  schematics  and  geometry  are  as  shown  in 
Figure  35  •  The  operating  characteristic  is  as  shown  in  Figure  36. 
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NOMENCLATURE 


constant 
speed  of  sound 
constant 

speed  of  wave  propagation 
discharge  coefficients 
see  equation  Alb 
diameter 

antenna  directivity 
frequency 

frequency  for  laminar  jet  length  of  t 

most  sensitive  frequency 

foree 

vortex  chamber  height 
see  equation  A8 
see  equation  7 
constants 
length 

see  equation  Ale 
Mach  number 
Reynolds  number 
Strouhal  number 
pressure 

ambient  pressure 

pressure  at  sudden  enlargement (fig.  1) 
see  equation  AA 
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output  pressure 
see  figure  1 
supply  pressure 

pressure  drop  across  linear  resistor 

pressure  drop  across  nonlinear  resistor 

total  signal  pressure 

volume  flow 

radial  distance 

radius  of  coupling  ring 

drain  radius 

radius  of  reflecting  surface 

resistances 

gas  constant 

fill  t  ime 

period 

absolute  temperature 
flow  veloci ty 
stream  velocity 
see  figure  1 
see  figure  1 
see  figure  1 
radial  velocity 

radial  velocity  at  coupling  ring 
radial  velocity  at  drain 

relative  velocity  between  rate  sensor  housing  and  fluid 
tangential  velocity 
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tangential  flow  velocity  at  coupling  ring 

vIloclEy*'  Ve,0C,ty  at  coup,l"9  rrn9  at  threshold  angular 

tangential  velocity  at  drain 

tangential  velocity  at  rate  sensor  housing 

tangential  velocity  of  coupling  ring 

see  figure  1 

see  figure  4tc 

ratio  of  specific  heats 

angle,  also  defined  In  equation  k6 

angular  beam  width 

wavelength 

viscosity 

kinematic  viscosity 
density 
switching  time 
flow  angle 

threshold  flow  angle 
angular  velocity 
threshold  angular  velocity 


1.0  INTRODUCTION 


Sensors  are  an  important  component  of  fluidic  systems  and  appreciable 
work  has  been  done  In  an  attempt  to  obtain  sensors  that  are  compatible 
with  and  can  take  advantage  of  the  fluid  signal  amplification  possible 
by  the  use  of  fluid  amplifiers.  Because  a  great  deal  of  literature 
has  appeared  and  is  still  appearing  in  this  area,  we  have  allocated  two 
papers  to  this  subject.  Even  so,  we  have  not  covered  the  topic  fully. 
Although  we  have  made  some  effort  to  avoid  duplication  between  the  two 
parts,  there  is  some  overlap  which  we  hope  will  prove  useful.  Part  I 
provides  engineering  data  on  many  of  the  Important  sensors.  In  Part  II, 
a  number  of  devices  are  described  and  some  are  analyzed. 

2.0  PROXIMITY  SENSORS 


Part  I  describes  several  types  of  proximity  sensors. 

In  all  of  these  devices  the  static  characteristic  (back  pressure  as 
a  function  of  distance  between  object  and  probe)  depends  on  the  specific 
geometry  including  the  resistance  of  the  probe,  the  resistance  in  the 
supply  line,  the  resistance  associated  with  the  signal  readout,  and  any 
jet  entrainment  or  venturi  effects. 

An  analysis  and  data  showing  the  improvement  in  the  characteristic 
when  jet  entrainment  is  used  is  given  by  Brychta  and  Suresh  [l]*.  In  the 
analysis  that  follows,  the  assumptions  differ  slightly  from  theirs  and 
therefore  the  results  are  also  somewhat  different. 

Let  us  consider  the  back-pressure  sensor  geometry  shown  in  figure  1. 

In  effect  the  sensor  is  two  resistances  in  series  (a  half-bridge  circuit). 

The  two  resistances  are:  1)  a  fixed  upstream  resistance  formed  by  an  orifice 
of  diameter,  w,  and  a  sudden  enlargement  to  diameter,  d,  and,  2)  a  variable 
downstream  resistance  that  depends  on  the  distance,  1.  A  source  of  pressure, 
p$,  is  supplied  to  the  half-bridge  circuit.  The  sensor  output  pressure, 

PQ,  may  be  received  at  stations  A  or  B.  The  pressure  at  each  output 

station  is  generally  not  the  same. 

In  figure  1,  as  the  jet  leaves  the  nozzle  of  diameter  w  and  expands 
into  the  region  of  diameter  d,  the  velocity  decreases  from  u{  to  ufi  and 

a  low  pressure  region,  pb,  is  formed  near  the  nozzle. 

The  plckoff  regions  A  and  B  are  assumed  to  draw  negligible  flow  in 
this  analysis;  however,  if  the  flow  to  the  plckoff  Is  not  small  compared 
to  that  through  the  probe,  the  anaiysis  must  be  modified.  When  the  pick- 
off  flow  can  be  assumed  negligible,  the  static  pressure  pol  is  approximately 

equal  to  pft  and  the  static  pressure  pQ2  is  approximately  equal  to  p^. 


Numerals  In  brackets  indicate  reference  number. 
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We  associate  a  discharge  coefficient  c^  with  the  nozzle  and  a  dis¬ 
charge  coefficient  c ^  with,  the  region  between  the  probe  and  the  object 
whose  distance  ts  being  sensed. 

Assuming  lossless  steady  Incompressible  flay  we  then  have  the  follow¬ 
ing  approximate  equations: 

Energy  ...  2 


pu.2 

ps  *  pb  +  T- 
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PU  2  pu  2 
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Ke  2  2 
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w2  ued2 
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Continuity  a  u  d2 

cdl  ul  ? - r~  "  uoldcd2  (3) 

where  t  Is  the  object  distance  (fig.  1). 

Note  that  the  flow  Is  affected  by  l  only  If  l  <_  lfjr—  consequently 
the  maximum  range  of  the  probe  ts  one-fourth  Its  diamete?. 


Momentum 
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Now  the  substitution  of  the  continuity  equation  (equation  3)  into 
the  energy  and  momentum  equations  (1,  2,  and  k)  yields. 
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The  addition  of  equations  5a  and  5c  results  In: 

ps  -  p,  +  I6pu02t2  cd22  (Jj-  -  ij—r  +  (6) 

We  may  eliminate  puQ2  from  equation  6  by  using  the  expression  for  puQ2 

provided  in  equation  5b.  Thus, 
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Figure  2  shows  the  pressure  ratios  P£/Ps  and  pfa/ps  from  equations 

7a  and  9  plotted  against  the  normalized  gap  distance  ki/d  for  several 
values  of  d/w.  The  assumption  here  is  that  cdi  »  1.0  and  cd2  ■  0.8. 

Several  points  of  Interest  appear: 

1.  The  sensitivity  (slope  of  the  curve)  d(p^/ps)/d (4t/d)  is  In 

general  greater  than  or  equal  to  the  sensitivity,  d(p  /p  )/d(kl/d) . 

d  c  a 

2.  Small  values  of  (close  to  unity)  result  In  higher  sensitivity 

d 

at  the  longer  ranges  whereas  larger  values  of  —  increase  the  near  range 
sensitivity  at  the  expense  of  the  longer  range  sensitivity. 

3.  The  curves  are  most  linear  for  1  <  —  <  2. 

w 

3 . 0  OBJECT  DETECTING  SENSORS 

Wiien  the  presence  or  absence  of  an  object  is  to  be  detected,  as  for 
counting,  proximity  sensors  can  of  course  be  used  if  the  range  of  the 
sensor  Is  adequate  or  an  emitter  and  a  catcher  can  be  used  for  longer 
ranges  as  Illustrated  in  figure  3a  or  figure  k  of  part  I.  In  this 
case  an  object  passing  between  the  emitter  and  the  catcher  Interrupts 
the  jet,  thereby  changing  the  pressure  in  the  catcher  which  is  then 
indicated  in  the  measuring  device.  This  type  of  device  has  the  drawback 
that  foreign  particles  may  enter  the  catcher  along  with  the  flow  from 
the  emitter  and  may  eventua''y  cause  a  failure  to  occur  in  the  measuring 
device.  At  the  cost  of  additional  flow,  particle  ingestion  may  be 
prevented  by  using  one  of  the  back-pressure  sensing  devices  such  as 
indicated  in  figure  2  of  part  I  instead  of  the  catcher.  This  results  In 
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the  configuration  of  figure  3b.  It  It  apparent  that  the  configuration 
of  3b  is  essentially  the  same  as  that  of  an  Impact  modulator  which  can, 
therefore,  be  modified  to  act  as  a  sensor. 

The  range  of  detection  may  be  increased  by  using  a  fluid  amplifier 
In  the  vicinity  of  the  catcher  instead  of  a  passive  device  or  by  allowing 
the  emitter  jet  to  deflect  a  second  Jet  when  the  object  Is  not  present. 

A  detector  of  this  type  is  discussed  by  Jacobs  and  Baker  [3].  The 
principle  of  operation  is  very  similar  to  that  of  a  velocity  sensor 
which  we  discuss  later,  but  a  venturi  shape  is  used  to  increase  the 
deflection  of  the  detecting  Jet. 

3. 1  Thread  Detectors 

Where  surrounding  conditions  are  sufficiently  cairn  to  permit  It,  long 
ranges  at  relatively  low  pressures  and  flows  can  be  obtained  by  the  use 
of  laminar  jet  emitters.  These  are  also  particularly  useful  for  the  detec¬ 
tion  of  small  objects  which  may  cause  negligible  pressure  drop  when  placed 
in  a  turbulent  stream.  If,  however,  the  emitter  parameters  are  such  as 
to  yield  a  laminar  Jet,  then  turbulence  can  be  triggered  by  even  a  very 
small  object  such  as  a  thread.  When  the  jet  becomes  turbulent  the  pressure 
received  by  the  catcher  drops  drastically.  A  device  of  this  kind  can  be 
used,  for  example,  to  detect  the  breaking  of  a  thread  (fig.  4). 

Impact  devices,  apparently  very  similar  to  the  Impact  modulator  NOR 
element  have  been  used  as  thread  sensors  in  Japan  according  to  K.  Izawa  [A]. 
The  rapidly  moving  thread  carries  with  it  a  boundary  layer  of  air  thick 
enough  to  appreciably  affect  the  Jet  which  is  allowed  to  Impinge  upon  it. 
The  opposing  Jet  will  then  cause  the  Interaction  region  to  move  out  of 
the  output  chamber  resulting  In  zero  output  signal.  If  the  thread 
breaks,  the  jet  which  was  formerly  impeded  by  the  cylinder  of  thread 
and  air  will  have  sufficient  momentum  to  force  the  interaction  region 
back  Into  the  chamber  resulting  in  a  nonzero  output. 

3.2  Acoustic  Ear 


As  noted  in  part  I,  the  longest  range  fluidic  sensor  is  the  acoustic 
ear  [5,6,7],  which  uses  a  beam  of  ultrasonic  sound  instead  of  a  jet  and 
which  has  a  range  of  about  5  meters. 

The  acoustic  beam  may  be  generated  by  a  fluidic  oscillator  or  by  a 
piezoelectric  crystal  and  is  detected  by  a  jet  sensitive  to  the  transmitted 
frequency,  that  is,  a  transition  device  is  designed  [8]  with  the  proper 
nozzle  width  and  Jet  velocity  so  as  to  be  sensitive  to  the  desired  frequency. 

To  determine  the  frequency  to  which  the  Jet  is  most  sensitive  let  us 
note  that  the  data  on  jet  stability  show  that  the  Strouhal  number,  N$,  for 

maximum  jet  sensitivity  is  proportional  tj  the  square  root  of  the  Reynolds 
number,  N_,  for  Reynolds  numbers  greater  than  150.  Thus  from  the  data  we  may 
write  * 
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N$  -  A(Nr)*  (10) 

where  N  ■  f  d/u  .  N„  -  u„  d/v,  f  it  the  most  sensitive  frequency 

in  Hz,  d  is  the  nozzle  diameter,  u  is  the  exit  velocity,  v  is  the 

kinematic  viscosity,  and  A  is  an  experimental  constant.  The  constant 
A  may  take  on  a  wide  variety  of  values  that  depend  on  the  jet  nozzle 
geometry  and  the  geometry  of  the  chamber  that  supplies  the  nozzle.  In 
assembling  the  data  of  many  investigators,  Rockwell  [9]  presents  bounds 
for  those  cases  when  the  Reynolds  number  is  between  200  and  10,000. 

These  bounds  are  equivalent  to 

0.007  <  A  <  0.015;  axl symmetric-jet  (11a) 

0.002  <  A  <  0.008;  two  dimensional  jet  (11b) 

As  an  example  suppose  that  we  have  an  axisymmetric  air  jet  of  diameter 
0.7  mm  and  an  exit  velocity  of  75  m/sec.  We  want  to  approximate  the 
frequency  to  which  the  Jet  is  most  sensitive.  The  Reynolds  number  of  the 
given  jet  is  3540.  Therefore,  from  equation  10  and  the  condition  on  A 
in  equation  11a,  the  Strouhal  number  has  the  limits  0.42  <  Ns  <  0.89. 

Now  from  the  definition  of  Strouhal  number  we  find  the  sensitive  frequency 
range  as  45,000  Hz  <  f  <  95,000  Hz. 

For  a  particular  geometry  the  jet  will  have  a  most  sensitive  frequency. 
However,  to  some  extent  the  Jet  Is  sensitive  to  a  relatively  broad  band 
around  this  particular  frequency.  This  broad  band  sensitivity  is  partially 
due  to  the  fact  that  the  velocity  of  the  Jet  decreases  and  its  width  increases 
with  downstream  distance.  As  a  result  the  length  of  the  laminar  region 
tends  to  decrease  as  the  frequency  increases. 

If  at  a  given  frequency,  f£,  the  length  of  the  laminar  portion  is 
l,  then  if  the  distance  to  the  sensor  receiver  is  less  than  Z,  the  sensor 
output  will  be  unchanged  for  frequencies  less  than  f, ,  but  will  be  drasti¬ 
cally  reduced  for  a  band  of  frequencies  somewhat  higher  than  f^.. 

An  opening,  in  the  form  of  a  horn,  built  into  the  housing  of  the  sensor 
allows  the  beam  to  impinge  on  the  jet.  To  the  extent  possible,  the  geometry 
of  this  opening  should  be  chosen  so  that  its  impedance  is  least  at  the 
sensitive  frequency  of  the  Jet.  This  will  narrow  the  band  of  frequencies 
to  which  the  sensor  is  sensitive. 

The  range  of  the  sensor  depends,  on  the  transmitter  power,  the 
absorption  by  the  air  of  the  energy  associated  with  a  particular  frequency, 
the  antenna  gain,  and  on  the  receiver  sensitivity. 

If  the  beam  width,  6^,  of  the  major  lobe  of  the  transmitted  beam 

is  defined  as  the  angle  between  the  points  at  which  the  intensity  becomes 
zero  then,  [10]  6.  . 

sin  —sr  *  0 . 6 1  —  (12) 

*  n 
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where  A  Is  the  wavelength  of  the  radiation  and  r^  Is  the  radius  of  the 
reflected  surface. 

The  directivity  or  gain  of  the  antenna,  D,  which  is  intensity  in 
the  given  direction  divided  by  the  intensity  which  wpuld  result  from 
an  isotropic  source  [ll]  is  given  by 


2itr.  2 

Hr* 


Jl  (-T-11) 


(13a) 


where  Ji  ( — — )  is  the  Bessel  function  of  the  first  kind  of  order  one. 


»  l  a 

D  -  (-^) 
rh 

For  -jj*  >  I,  the  error  In  13b  Is  less  than  about  20%. 


(13b) 


The  sensor  may  be  used  in  either  the  direct  or  the  reflex  mode.  In 
the  direct  mode,  the  beam  passes  directly  from  the  transmitting  oscillator 
to  the  receiver,  except  when  interrupted  by  the  object  to  be  sensed.  In 
the  reflex  mode,  both  transmitter  and  receiver  are  side  by  sidq  and  face 
in  the  same  direction.  The  beam  goes  off  into  space  unless  an  object 
causes  it  to  be  reflected  into  the  receiver. 

Kishel  [12]  gives  a  method  for  sharply  limiting  the  band  to  which  an 
acoustic  detector  is  sensitive.  Two  transition  devices  are  mounted  close 
to  each  other  so  that  the  beam  affects  both  jets.  By  using  different  gap 
lengths  and  slightly  different  pressures,  the  band  of  frequencies  to  which 
each  of  the  devices  is  sensitive  is  different.  For  example,  transition 
device  A  cuts  off  (zero  output)  at  frequency  f^  and  remains  off  for  a  I  • 

frequencies  between  f^  and  f ^  ,  but  is  on  again  for  all  frequencies  above 

^A2*  transition  device  B  is  off  for  all  frequencies  between  f^  and  f^2 

but  is  on  for  all  other  frequencies  where 

fA:  <  fBl  <  fA2  *  V? 

The  outputs  of  the  two  devices  then  go  to  a  simple  logic  circuit 
which  yields  an  output  only  when  A  is  on  and  B  is  off.  This  occurs  only 
for  frequencies,  f^,  where 

fA2  -  fN  -  fB2 
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FORCE  SENSORS 


k.O 

It  is  apparent  that  proximity  sensing  may  be  used  in  conjunction 
with  other  components  to  obtain  other  types  of  sensing.  For  example,  a 
force  sensor  can  be  obtained  by  holding  a  flapper  against  the  probe  by 
the  force  of  a  spring.  The  distance  that  the  flapper  can  be  moved  away 
from  the  probe  by  a  second  force,  which  is  to  be  measured,  wilt  then 
depend  on  the  magnitude  of  the  force,  and  of  course  the  signal  obtained 
will  be  a  function  of  the  distance  and,  therefore,  of  the  force. 

k. 1  Pulse  Width  Modulated  Force  Sensor 

A  more  sophisticated  variation  of  a  force  transducer  given  by  Daruk 
and  Rukhadze  [13]  is  accomplished  through  pulse-width  modulation.  In 
their  version  (fig.  5),  the  applied  force  is  balanced  by  increased  pressure 
in  the  bellows  so  that  the  equilibrium  position  of  the  flapper  Is  the  same 
for  all  applied  forces. 

In  figure  5  the  two  unconnected  outlets  of  a  bistable  switch  are 
both  vented  to  ambier.t  and  the  topmost  outlet  is  connected  through  a 
resistor  Ri  to  the  bellows  and  to  the  readout  device. 

If  the  nozzle  is  initially  closed  by  the  flapper,  jet  entrainment 
through  the  two  open  outlets  will  cause  the  jet  to  flip  to  the  topmost 
one.  Part  of  the  flow  from  this  outlet  is  fed  back  through  a  high 
resistance  R2  to  the  opposite  control  where  it  helps  hold  the  jet  over. 

Flow  from  the  topmost  outlet  also  feeds  to  the  bellows  causing  it  to 
inflate  and  thereby  move  the  flapper  lever  away,  thus  opening  the  nozzle. 
Since  the  flow  entrained  through  the  open  nozzle  Is  greater  than  the  flow 
through  the  high  resistance  R2,  the  jet  is  flipped  to  the  bottom  outlet, 

thus  removing  the  flow  into  the  bellows  so  that  the  spring  tends  to 

again  close  the  flapper  against  the  nozzle  initiating  a  new  cycle. 

As  functions  of  time,  figure  6a  indicates  the  motion  of  the  flapper, 
figure  6b  shows  the  pressure  at  the  topmost  outlet  of  the  amplifier,  and 

figure  6c  gives  the  pressure  at  the  output  and  in  the  bellows.  The 

average  pressure  p  is  a  measure  of  the  applied  force. 

U.2  Strain  Gage 

Another  type  of  force  sensor  is  the  fluidic  strain  gage.  Drzewieckl 
[14,15]  has  pointed  out  lhat  since  tensile  stress  along  the  length  of  a 
tube  stretches  It,  its  resistance  to  flow  changes.  This  change  in  flow 
resistance  may  be  used  to  measure  an  applied  force. 

Figure  7  illustrates  the  relationship  between  the  pressure  change 
and  the  length  change.  Although  Drzewieckl  has  described  many  forms 
of  the  device,  figure  8  illustrates  only  one  of  them.  In  the  configuration 
shown,  a  metal  tube  is  coiled  around  a  cylinder  in  a  helix.  A  force  on 
the  cylinder  causes  it  to  expand,  resulting  in  stretching  the  length  of 
the  metal  tube. 
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5.0  VELOCITY  SENSORS 


A  fluid  velocity  sensing  device  [t6]  Is  shown  in  figure  9.  The  d 
device  is  pieced  in  the  fluid  whose  velocity  it  is  desired  to  measure 
so  that  the  flowing  fluid  strikes  the  supply  jet  perpendicularly.  This 
causes  the  jet  to  be  deflected  and  varies  the  amount  of  the  jet  caught 
in  the  two  catchers  that  are  placed  symmetrically  about  the  main  jet. 

The  velocity  sensitivity  can  be  varied  by  altering  the  supply-jet  pressure 
and,  consequently,  the  jet  velocity.  Whereas,  lowering  the  power-supply 
velocity  increases  the  sensitivity  of  the  device,  It  also  decreases  its 
range  since  the  jet  will  eventually  be  deflected  beyond  the  catcher. 


5.1  Fluidic  Devices  Using  the  Vortex  Shedding  Phenomenon 


A  circular  cylinder  whose  axis  Is  perpendicular  to  flow  past  it, 
causes  the  flow  on  both  sides  of  the  cylinder  to  break  up  into  eddies 
which  are  shed  alternately  from  each  side. 


For  a  range  of  Reynolds  numbers  between  about  40  and  150,  the  eddies 
are  stable;  that  is,  they  proceed,  in  a  regular  pattern  for  an  appreciable 
distance  downstream  of  the  cylinder,  along  two  approximately  parallel 
planes.  This  stable  condition  is  known  as  a  Karman  vortex  street  after 
Theodore  von  Karman  who  first  developed  a  theory  for  this  phenomenon. 


The  Strouhal  number,  N$l  is  defined  as 


where  f  is  the  shedding  frequency,  d  is  the  cylinder  diameter  and  u  is 
the  free  stream  velocity.  Because  N$  varies  in  a  known  way  with  Reynolds 

number,  it  was  pointed  out  by  Roshko  [17]  that  the  velocity  of  a  stream 
can  be  determined  by  measuring  the  frequency  of  vortex  shedding.  This 
frequency  can  be  determined  by  detact ing  the  oscillations  downstream  of 
the  cylinder,  with  hot  wires,  [18],  or  by  an  ultrasonic  beam  [ 1 9] .  The 
oscillations  may  also  be  measured  by  mounting  a  detector  within  the 
cylinder  itself.  Sharpsteen  [20]  discusses  the  use  of  a  fluid  amplifier 
within  the  cylinder.  The  controls  of  the  amplifier  lead  to  holes  on 
opposite  sides  of  the  cylinder,  the  holes  being  situated  in  the  vicinity 
where  the  eddies  are  formed. 

For  Reynolds  numbers  between  about  150  and  10s,  the  Strouhal  number 
is  approximately  constant  so  that  the  frequency  is  proportional  to  the 
velocity.  Unfortunately,  the  eddy  shedding  is  not  stable  over  these 
Reynolds  numbers  so  that  the  measurements  must  be  made  close  to  the 
cylinder,  and  there  is  appreciable  noise. 

The  alternate  shedding  of  vortices  causes  an  alternating  force 
on  the  cylinder.  This  force  is  perpendicular  both  to  the  cylinder  axis 
and  to  the  flow  velocity  and  tends  to  cause  the  cylinder  to  vibrate. 

This  transverse  force  per  unit  length  F,  is  given  approximately  [21]  by 
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F  -  0.73  pd  (14) 

where  p  is  the  density.  Since  this  force  is  applied  as  an  essentially 
square  wave  in  time,  the  amplitude  of  the  fundamental  Is  4/n  times  the 
above. 

Vortex  shedding  can  thus  be  used  to  vibrate  a  body.  The  vibrating 
of  the  body  causes  a  coupling  of  the  resonant  frequency  of  the  object 
with  the  eddy-shedding  frequency,  tending  to  alter  both  frequencies 
somewhat.  If  the  object  is  not  very  stiff,  the  frequency  of  the  system 
will  be  close  to  the  resonant  frequency  of  the  body.  The  resulting 
oscillations  can  be  destructive  of  buildings,  bridges,  and  even  of  power¬ 
lines;  however,  they  have  also  proven  useful,  as  in  the  vibrating  string 
accelerometer. 

5 . 2  Vortex  Precession 


Another  method  of  measuring  fluid  velocity  depends  on  vortex 
precession  [ 1 8 , 22 ] .  The  device  consists  of  a  tube  having  a  converging 
section  followed  by  a  constant  area  section  and  a  diverging  one. 

Vanes  at  the  entrance  force  the  flow  to  swirl  forming  a  vortex 
tube,  shaped  in  a  fairly  tight  spiral  that  moves  down  the  center  of  the- 
tube  until  the  diverging  portion  is  reached;  at  this  point  the  spiral 
opens  up  taking  on  the  form  of  a  conically  wound,  spiral  spring,  with  the 
vertex  pointing  upstream.  The  whole  spiral  rotates  about  its  own  axis 
as  the  flow  proceeds  downstream.  A  sensor  in  the  wall  of  the  diverging 
portion,  senses  the  vortex  tube  everytime  the  tube  passes  the  sensor  as 
the  coil  rotates  (or  precesses) .  Since  the  precession  rate  depends  on 
the  flow  velocity,  measurement  of  the  frequency  of  rotation  gives  the 
flow  velocity. 

5.3  Osci 1 lator 


Velocity  can  also  be  measured  using  a  fluidic  oscillator.  This  will 
be  discussed  in  conjunction  with  temperature  sensing.  (Section  14.0) 

6.0  ANGULAR  POSITION  SENSORS 


The  proximity  sensor  may  also  be  adapted  for  use  as  an  angular 
position  sensor  by  the  use  of  a  tilted  collar  as  has  been  pointed  out 
by  Fox  [23]. 

This  concept  is  illustrated  in  figure  10.  Because  of  symmetry,  there 
is  an  ambiguity  involved  in  that  a  particular  pressure  can  correspond  to 
either  of  two  angular  positions.  This  ambiguity  can  be  eliminated  either 
by  the  use  of  two  probes  some  angle  apart  (e.g.  90°)  or  by  making  the 
collar  as  a  single  spiral  of  a  helix. 
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6.1  Cod*  Wheel 


A  more  accurate  but  more  complex  technique  is  the  use  of  a  collar 
containing  coding  [25].  This  coding  can  be  in  the  form  of  holes  or 
of  channels  etched,  machined,  or  drilled  sufficiently  close  together  in 
angle  to  yield  the  required  angular  sensitivity.  This  collar  is  parpen* 
dicular  to  the  shaft  (fig. 11). 

6.2  Jet-Receiver 


The  angular  position  of  a  body  rotating  only  through  a  small  angle 
can  be  measured  accurately  by  a  method  due  to  Bright  [26]. 

This  concept  involves  placing  a  nozzle  on  the  rotating  body  so  that 
it  points  out  toward  a  set  of  two  receivers  similar  to  those  of  a  fluid 
amplifier.  A  center  dump  may  also  be  incorporated  between  the  two 
receivers.  If  the  nozzle  points  so  that  it  is  centered  between  the  two 
receivers,  the  outputs  will  be  balanced.  When  the  nozzle  deviates  from 
the  center  position  on*  receiver  will  have  a  larger  output. 

6.3  Counting 

Holes  or  slits  placed  at  equal  angles  around  on  circumference  of 
a  disc  may  also  be  used  to  indicate  angular  position  by  counting  the 
number  of  jet  interruptions  caused  by  turning  of  the  disc.  This  concept 
has  been  used  by  Welk  to  detemine  the  position  of  an  automobile  steering 
wheel  [27]. 

7.0  TWIST  MEASURING  DEVICE 


The  twist  in  a  rotating  shaft  can  be  measured  by  attechlng  the  type 
of  discs  described  in  6.3  at  two  positions  along  a  bar.  Twisting  of 
the  bar  will  change  the  phase  of  the  interrupted  signals  from  on*  disc 
as  compared  to  the  other  [28]. 

8.0  ANGULAR  RATE  SENSORS 


8. 1  Fan  Type 

A  pressure  sensor  can  be  adapted  to  measuring  rotation  speed.  One 
configuration  is  simply  to  mount  a  blower  or  fan  blade  on  the  end  of  the 
shaft  or  to  have  the  speed  of  a  blower  or  fan  blade  controlled  by  the 
rotating  shaft.  Then,  as  is  shown  in  figure  12a  it  is  only  necessary  to 
measure  the  air  velocity  caused  by  the  rotating  fan  which  results  in  a 
dynamic  pressure.  This  dynamic  pressure  will  of  course  be  a  function  of 
the  rotation  speed  of  the  fan. 

8.2  Blade  Counter 

If  more  accuracy  is  desirable  at  the  expense  of  a  more  sophisticated 
and  complicated  system,  the  sensor  may  be  placed  close  enough  to  the  plane 
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of  the  blades  so  that  the  pulsation  caused  by  the  passage  of  the  blade 
past  the  sensor  is  easily  detectable  (fig.  12b). 

8.3  Jet  Deflection  or  Interruption 

Another  method  of  measuring  the  angular  velocity  is  to  use  the  air 
velocity  caused  by  the  boundary  layer  around  a  rotating  disk  to  deflect 
a  jet  [29]  as  shown  at  top  of  figure  13-  This  deflection  may  be  made 
more  efficient  by  using  a  gear  [30]  instead  of  a  disk  as  is  shown  at  the 
bottom  of  figure  lj.  The  pressure  picked  up  by  the  catcher  shown  in  the 
bottom  of  figure  13  may  be  smoothed  and  used  directly  to  measure  the 
angular  speed,  or  here  again,  a  more  sophist icated  system  can  be  used 
and  the  frequency  measured  to  obtain  more  accurate  results. 

8. A  Pulse  Propagation  Time 

An  angular  ratu-r.ontrol  device  discussed  by  Katz  [31]  and  Iseman  [32] 
controls  the  angular  rotation  rate  of  a  disc  by  comparing  the  time  it 
takes  a  pulse  to  propagate  along  a  fixed  length  of  line  with  the  time 
it  takes  the  disc  to  make  one  revolution. 

The  comparison  is  accomplished  by  injecting  a  pulse  <nto  the  line 
through  a  hole  in  the  rotating  disc  and  accepting  the  pulse  out  of  the 
line  through  a  second  hole  (at  a  different  distance  from  the  axis)  in 
the  disc.  If  the  disc  deviates  from  the  proper  speed,  the  length  of  the 
received  pulse  will  change. 

8 . 5  The  Vortex  Rate  Sensor 

Still  another  technique  for  determining  angular  rate  is  the  use  of 
the  vortex  rate  sensor,  which  is  particularly  useful  when  the  angular  rate 
is  very  smal I . 

In  its  original  form  [33]  the  vortex  rate  sensor  (fig.  Ik)  consists 
of  a  circular  chamber.  An  outer  manifold  surrounds  a  porous  coupling  ring 
through  which  flow  enters  and  (when  the  angular  rate  is  zero)  moves  radially 
toward  the  drain  at  the  center.  A  pickoff  which  may  be  placed  in  the  drain 
or  just  upstream  of  it  is  used  to  detect  the  flow  angle.  The  purpose 
of  the  coupling  ring  is  twofold;  it  is  intended  to  cause  the  radial  flow 
to  be  uniform  from  all  directions,  and  it  imparts  the  tangential  velocity 
of  the  solid  device  to  the  fluid  passing  through  it.  Various  types  of 
coupling  devices  have  been  tried,  including  sintered  metals,  porous  ceramic 
materials,  layers  of  wire  screens  of  various  meshes,  grille  structures 
(like  those  on  an  automobile  radiator),  large  numbers  of  small  balls, 
spaced  washers,  etc.  All  have  problems  of  one  type  or  another  and  contribute 
appreciably  to  the  threshold  and  accuracy  limitations  of  the  sensor. 

If  some  angular  velocity  is  imparted  to  the  device,  the  fluid  will 

take  on  the  angular  velocity  of  the  device  as  it  moves  through  the  coupling 

ring  and  will  spiral  in  toward  the  drain  wirh  a  tangential  velocity,  u. , 

0 
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which  increases  es  it  moves  toward 
flow  by 


the  drain  and  is  given  for  inviscid 

05) 


where  ki  is  a  constant 

r  is  the  radial  distance  from  the  axis. 

If  the  radius  of  the  coupling  ring  is  r ,  and  u0c  is  the  tangential 
velocity  at  the  coupling  ring,  then  from  equation  15 


u 


6 


u0c  rc 


06) 


The  solid  portions  of  the  device  have  a  tangential  velocity  u0J 
which  obeys  the  equation 

uQs  -  k2r  07) 

where  k2  is  a  constant. 


Thus,  since  the  coupling  ring  tangential  velocity  is  equal  to  that 
of  the  fluid  at  r  ■  r£ 


so  that 


ii  a  it  m  U  r 
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At  the  radius  r,  the  relative  velocity,  u  ,  between  the  housing 
and  the  fluid  wl 1 1  be  re 


u  *  u  •  u 
rei.  0  9s 


uecrc  uecr 


/  c  r  v 

uret  ‘  uec 


thus  at  a  point  where  —  »  10 


The  plckoff,  or  sensing  element,  Is  rigidly  attached  to  the  solid  body 
of  the  device.  Thus,  the  flow  variable  that  the  pickoff  must  sense  is  the 
relative  velocity,  urel>  Furthermore,  since  the  relative  velocity  increases 

as  the  radius  decreases,  the  pickoff  should  be  placed  at  a  small  radial 
position,  r,  for  maximum  sensitivity. 


Various  types  of  pickoffs  have  been  tried,  including  pitot  tubes,  and 
a  number  of  devices,  usually  placed  in  the  drain,  that  measure  angle  of 
attack.  An  angle  of  attack  pickoff  of  one  type  [3^j  is  illustrated  in 
figure  15-  Other  variations  are  given  by  Sarpkaya  [35 J •  Ogren  [36], 
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Doyle  [37]*  Jones  [38],  Scudder,  et  el.  [39]  end  others.  In  some  cases  e 
stage  of  fluid  amplification  is  built  as  an  integral  part  of  the  rate 
sensor. 

To  gain  seme  insight  into  the  Importance  of  the  various  parameters, 
let  us  consider  the  geometry  of  figure  14  and  assume  steady  incompressible 
inviscid  flow. 


The  continuity  equation  Is 


3?  (rurJ  "  0 


The  radial  momentum  equation  for  invisicid  flow  is 


4-  +  2)  -  Hl. 

dr  2^  p  r 


Now  from  18 


(18) 

(19) 


ru 


r  u 
c  rc 
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where  ur<_  is  the  radial  velocity  at  the  coupling  ring. 

The  substitution  of  equations  16  and  20  into  equation  19  yields 
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Equation  21  integrates  to 
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(22) 


where  ps  is  the  supply  total  pressure. 

In  equation  22  the  terms  containing  uQc2  are  centrifugal  force  terms. 

For  a  given  supply  pressure  the  centrifugal  force  terms  tend  to  decrease 
the  signal  available  in  the  drain  region.  The  total  signal  pressure,  p^, 

available  at  the  drain  (r  -  r  .)  is  therefore  (assuming  ambient  pressure 
at  the  drain) : 


Pt  "  P, 


,,rc2“2rc 

-J77~ 


(23) 


Thus  at  the  drain,  from  equations  22  and  23  we  obtain  for  r^  «  rc 

pr  2U2 

pT  “  ps  '  'irA  "  P,  +  *  P“d2  m 

d 

where  rd  »  radius  of  drain; 

u^  ■  axial  velocity  in  drain. 


203 


For  a  given  supply  pressure,  the  total  pressure  available  at  the  drain 
depends  on  the  tangential  velocity  ufic  and  on  the  ratio  of  the  coupling 

ring  radius  to  the  drain  radius.  It  is  apparent  that  for  any  given  ratio 

All  2 


there  is  a  tangential  velocity  for  which  the  dynamic  pressure 


becomes 


zero.  Thus,  the  maximum  angular  velocity  that  can  be  sensed  depends  on 
the  coupling  ring  to  drain  radius  ratio.  Although  equation  24  assumes 
inviscid  flow,  the  result  still  holds  qualitatively  unless  the  height 
is  so  small  that  viscous  effects  predominate. 

8.5.1  The  Angle  of  Attack  Pickoff 

Using  the  assumption  of  potential  flow,  the  classical  solution  for 
the  pressure  distribution  around  a  circular  cylinder  in  a  stream  of  uniform 
velocity  Uj  Is 

p (e)  ■  Pa  +  i  pud2  (1-4  Sln2e)  (25) 

This  distribution  is  illustrated  in  figure  16. 

From  equation  25  we  find  that  the  pressure  gradient  is 


■  -  4pud2  sine  cose  (26) 

As  may  be  readily  found  from  equation  26,  the  pressure  gradient 
is  greatest  when  9  -  45°;  consequently,  if  the  stream  angle  changes 
from  zero  by  some  small  amount,  the  largest  change  of  pressure  will  occur 

at  6  -  450. 

Although  real  flow  is  viscous  so  that  the  above  solution  is  not 
exact,  It  does  indicate  that  maximum  sensitivity  to  a  slight  change  in 
flow  angle  should  be  obtained  by  measuring  the  pressure  at  an  angle  of 
approximately  45°  to  the  flow.  The  pickoff,  therefore,  has  a  small  hole 
In  It  which  is  set  at  approximately  45°  to  the  flow,  when  the  probe  is 
Inserted  into  the  drain.  Ideally  the  hole  should  draw  no  flow  since 
this  will  change  the  pressure  distribution  in  its  vicinity. 

A  type  of  pickoff  is  illustrated  in  figure  15*  It  contains  an  inner 
partition  dividing  it  into  two  sections  and  is  inserted  in  the  drain  with 
the  holes  at  45°  to  the  axis  as  in  figure  14.  When  the  angular  rate  is 
zero,  the  flow  in  the  drain  is  essentially  vertical  and  both  holes  in  the 
sensor  make  an  angle  of  45°  with  the  flow.  The  pickoff  shown  uses  an 
external  plate  to  increase  sensitivity. 

When  an  angular  velocity,  u,  Is  Imparted  to  the  sensor,  the  flow 
spirals  through  the  drain  in  a  helical  fashion  so  that  the  flow  strikes 
one  hole  at  an  angle  greater  than  45°  and  the  other  one  at  an  angle  less 
than  45°.  The  pressure  therefore  increases  on  one  side  of  the  pickoff 
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partition  and  decreases  on  the  other  side  .  This  pressure  difference 
Is  thus  a  measure  of  the  angular  velocity. 


The  change  In  the  difference  in  pressure  produced  across  the  plckoff 
partition,  divided  by  the  change  in  angular  rate,  is  the  sensitivity.  In 
general  one  would  like  to  make  the  sensitivity  large.  Now  from  equation  26, 
for  a  small  change,  Ad,  in  flow  angle,  the  change  in  pressure,  Ap,  Is 
given  by 

Ap  ■  -k  u^2  sine  cose  A6 

and  at  45° 


Ap  ■  -2pud2  A6. 


The  difference  in  pressure  between  the  two  sides  of  the  plckoff 
(A2P)  is  then 


A2P  ■  2 1 Ap |  ■  4apud2  A6  (27) 


where  a  is  a  loss  coefficient. 


Now  the  change  in  angle,  A6,  is  given  by 


sin  AG 


U6d  _  rc  u6c 
ud  ’  rd  ud 


where  u„_,  is  the  tangential  velocity  at  the  drain. 


Jed 

For  small  A6 
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Inserting  equation  28  Into  27 

rc  rc2 

A2p  -  kap  —  ud  u0c  ■  4ap  - —  ud  id  (29) 

d  d 

The  substitution  of  ud  from  equation  2k  into  equation  29  yields 


A2p  ■  kap 
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It  is  seen  from  equation  30  that  the  output  signal  initially  increases 
approximately  linearly  for  small  u,  but  as  the  second  term  under  the 
radical  becomes  comparable  to  the  first  term,  A2P  reaches  a  maximum  and  then 
eventually  decreases  as  the  angular  velocity  id  increases. 

The  sensitivity  is  the  derivative  of  equation  30  with  respect  to 
id,  and  for  small  id  is  given  by 
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At  least  as  Important  as  the  sensitivity  Is  the  threshold;  that  Is, 
the  smallest  angular  velocity  that  can  be  detected  above  the  noise  at 
a  given  bandwidth  (or  response  time). 


The  fill  time  is  the  chamber  volume  divided  by  the  volume  flow. 

(32a) 


For  inviscld  flow  the  fill  time  tdrQ  Is  given  for  rc  »  r^  as 


Vo* 


rc 


where  ufc  is  the  radial  velocity  at  the  coupling  ring. 
The  threshold  angular  velocity  is  given  by 

VT 

“Th"  — 


(32b) 


where  u.  T  is  the  tangential  velocity  at  the  coupling  ring  radius  (r  ■  r  ) 


corresponding  to  the  threshold  angular  velocity. 


The  product  of  the  threshold  angular  velocity  and  the  fill  time  is 

then  UflcT 

wThtdro  ‘  To  (32c) 

rc 

u0 

The  flow  angle  i|i  for  the  vortex  devices  is  defined  by  tan<i  -  — .  We 
may  specialize  this  equation  to  define  the  threshold  flow  angle  as  r 


hence  for  small  flow  angles 


*Th  * 
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(32d) 

"  2  “Th  *dro 

(32e) 

Since  the  pickoff  of  the  sensor  actually  measures  flow  angle,  it  follows 
that  the  important  consideration  is  not  or  tjrQ  but  their  product; 

that  is,  we  should  be  able  to  detect  a  smaller  angular  velocity  by 
increasing  the  fill  time. 


In  analogy  with  the  inviscld  case,  we  define  the  threshold  angle  for 
a  sensor  as  the  product  of  the  threshold  angular  velocity  and  the  response 
time.  It  is  a  figure  of  merit  for  the  rate  sensor.  Threshold  angles  of 
the  order  of  10* 3  degrees  have  been  obtained. 


A  third  factor  is  the  null  shift.  When  the  angular  velocity  is 
zero,  the  difference  signal  out  of  the  pickoff  should  be  zero,  but  in 
general  the  signal  is  not  zero  and  moreover  the  null  shift  varies  with 
time  (drift). 
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Null  shift  is  due  to  asymmetries  In  the  sensor,  the  most  significant 
of  which  are  usually  due  to  inaccurate  placement  of  the  plckoff  in  the 
drain,  slight  differences  between  the  two  sides  of  the  plckoff,  particularly 
the  holes,  and  asymmetry  of  the  coupling  ring.  The  most  undesirable 
effect  associated  with  the  null  shift  is  that  It  Is  pressure  dependent. 

As  a  result,  null  shift  is  a  major  source  of  low  frequency  noise  (drift) 
that  comes  from  small  fluctuations  In  the  supply  pressure.  This  causes 
variations  In  the  amount  of  flow-field  asymmetry  and  results  in  appreciable 
drift  for  smalt  changes  in  pressure.  The  effect  of  pressure  variation  on 
the  flow-field  asymmetry  is  much  greater  than,  and  should  not  be  confused 
with,  the  relatively  small  effect  that  occurs  due  «.o  a  small  change  of 
supply  pressure  as  indicated  in  equation  31 • 

The  circular  plckoff  is  a  major  source  of  noise  due  to  the  shedding 
of  vortices  that  occurs  when  there  is  flow  past  a  circular  cylinder.  Al¬ 
though  an  appreciable  portion  of  the  resulting  oscillation  occurs  over 
a  narrow  band  of  frequencies,  there  is  also  considerable  broad-band 
noise.  This  vortex  shedding  can  be  minimized  by  streamlining  the 
plckoff. 

Another  major  source  of  noise  is  turbulence  both  within  the  chamber 
and  In  the  drain.  A  great  deal  of  the  noise  is  generated  as  the  fluid 
turns  from  the  chamber  into  the  drain. 


The  increase  of  tangential  velocity  according  to  the  1/r  law  is 
based  on  the  assumption  of  invlscld  flow.  For  real  flow  a  boundary 
layer  forms  near  the  top  and  bottom  plates  that  retards  the  flow  so  that 
the  tangential  velocity  does  not  Increase  as  fast  as  1/r.  If  we  define 
the  momentum  efficiency  as  the  momentum  actually  delivered  to  the  pick- 
off,  divided  by  the  initial  momentum,  then  in  general  the  efficiency 
decreases  as  the  top  and  bottom  plates  of  the  chamber  are  brought  closer 
together.  For  this  reason,  the  original  designs  of  the  vortex  rate  sensor 
used  bottom-to-top  plate  distances  greater  than  the  boundary  layer  thick¬ 
ness.  and  a  number  of  the  earlier  papers  [35,  *0]  deal  with  this  aspect. 
Recently  however,  Ostdlek  [<tl]  has  pointed  out  advantages  resulting  from 
top  and  bottom  plate  distances  appreciably  less  than  the  boundary  layer 
thickness  that  outweigh  the  disadvantages  of  loss  in  sensitivity.  These 
are  the  decrease  in  noise  and  in  time  response. 


The  response  (fill)  time  for  the  invlscld  sensor  is  essentially 
determined  by  dividing  the  chamber  volume  by  the  volume  flow  into  or 
out  of  it 


dro 


(33a) 


The  expressions  given  for  the  fill  time  in  equations  32a  and  33a 
are  equivalent.  This  can  be  proven  by  noting  that  from  continuity 
u^  ■  2u h/rd  and  then  applying  equation  20.  For  low  angular  velocities 

(uec  -0),  the  substitution  of  equation  2k  into  equation  33a  leads  to 
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(33b) 


r  2h 


This  equation  shows  that  for  a  fixed  volume  flow  (or  for  a  fixed  supply 
pressure)  the  response  time  is  proportional  to  the  chamber  height  and 
that  reducing  the  height  reduces  th«  time  constant. 

For  the  inviscld  case  considered,  the  drain  radius  is  the  determining 
factor  for  the  volume  flow  at  a  given  pressure,  the  volume  flow  being 
unaffected  by  the  chamber  size;  however,  when  the  plates  are  closer 
together  than  the  boundary  layer  thickness,  the  effect  of  viscosity  becomes 
appreciable  so  that  the  volume  flow  Is  no  longer  determined  only  by  the 
drain  area;  we  can  then  no  longer  be  sure  that  the  time  constant  is 
proportional  to  the  height  for  a  fixed  pressure.  On  the  other  hand,  we 
can  still  make  a  similar  statement  with  respect  to  a  fixed  volume  flow. 

Actually  the  response  time  will  decrease  faster  than  the  height  for 
a  fixed  volume  flow  because  for  plates  close  together,  the  plates  are 
closely  coupled  to  the  fluid  by  the  boundary  layer  so  that  the  angular 
velocity  information  Is  applied  to  the  fluid  from  every  point  on  the 
plates.  This  effect  makes  the  coupling  ring  unnecessary  and  reduces  the 
time  constant. 

The  vortex  rate  sensor  is  primarily  used  to  detect  or  measure  small 
angular  velocities.  As  has  been  pointed  out  (eq.  30).  the  output  becomes 
non-linear  for  large  angular  rates.  The  linear  range  can  be  extended, 
however,  by  application  of  the  technique  for  using  feedback  to  null  the 
device.  In  order  to  use  this  method,  it  is  necessary  to  provide  a  counter 
rotation  so  that  the  output  of  the  sensor  is  near  zero.  This  counter 
rotation  can  be  applied  as  proposed  by  Senstad  [k2]  by  using  an  electrolyte 
for  the  fluid  and  passing  a  current  through  it.  A  coil  wound  around  the 
outer  diameter  of  the  sensor  provides  an  axial  magnetic  field  that  acts 
on  thr  moving  charged-fluid  particles  causing  them  to  move  in  the  direction 
perpendicular  to  both  the  charge  flow  and  the  magnetic  field;  namely,  in 
a  circular  path  around  the  sensor. 

The  fluid  signal  from  the  pickoff  is  converted  into  an  electrical 
signal  that  controls  the  polarity  and  amount  of  current  through  the  elec¬ 
trolyte  so  as  to  attempt  to  make  the  pickoff  output  zero.  The  current 
necessary  to  cause  this  null  is  a  measure  of  the  angular  velocity. 

8.6  Variations  of  the  Vortex  Rate  Sensor  and  Pickoffs 

8.6.1  Ridged  Double  Drain 

Schmidlin  and  Rakowsky  [k3]  have  devised  a  double  drain  that  feeds 
directly  into  a  fluid  amplifier  as  illustrated  in  figure  17*  Raised 
ridges  arranged  in  a  spiral  manner  placed  around  these  drains  tend  to 
cause  the  flow  to  swirl  down  the  drains,  one  clockwise  and  the  other 
counterclockwise  when  there  is  no  motion  of  the  device  itself.  The  two 
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drclns  feed  the  two  controls  of  the  fluid  amplifier.  Under  conditions 
of  no  angular  rotation,  the  flow  into  both  controls  is  the  same,  resulting 
in  a  balanced  output  from  the  amplifier.  Rotational  flow  in  a  drain 
effectively  increases  the  resistance  of  the  drain.  If  angular  rotation 
causes  the  whole  device  to  turn,  then  the  circulation  in  one  of  the  drains 
will  Increase  and  the  circulation  in  'he  other  will  decrease,  thereby 
increasing  the  resistance  of  one  drain  and  decreasing  the  other.  The 
resistance  of  the  spiral  ridges  to  the  flow  will  also  be  different  for 
the  two  drains.  The  .'low  will,  therefore,  no  longer  be  balanced  and 
the  amplifier  will  become  unbalanced  s’nce  the  flow  into  its  controls 
will  differ. 

The  device  will  saturate  at  values  of  angular  rate  equal  to  the 
angular  rate  that  will  cause  zero  rotation  in  one  of  the  drains. 

8.6.2  Plate  and  Pitot  Tubes 


This  type  of  pickoff  [46]  is  placed  in  the  drain  or  just  downstream 
of  the  drain.  As  illustrated  in  figure  18,  the  device  essentially  consists 
of  a  plate  which  closes  off  part  of  the  drain,  and  two  pitot  probes  placed 
as  illustrated.  Flow  not  having  any  swirl  will  cause  the  same  pressure 
in  each  of  the  two  pitots.  However,  as  a  result  of  a  swirl  given  to  the 
flow,  the  effect  of  the  plate  will  be  to  shade  the  helical  flow  in  such  a 
way  as  to  decrease  the  flow  into  one  of  the  pitots  with  respect  to  the 
flow  into  the  other. 

8.6.3  Double  Vortex  Chamber  Oscillator 


This  device  [45]  (fig.  19)  uses  two  vortex  chambers,  one  on  either 
side  of  amplifier  that  is  part  of  an  oscillator  circuit.  The  oscillation 
is  obtained  by  feeding  the  outputs  back  to  the  controls.  In  addition 
to  flow  leaving  from  the  conventional  outlets,  which  in  this  case  are 
used  to  provide  the  feedback  to  cause  the  oscillation,  there  is  a  second 
output  to  a  set  of  vortex  devices,  one  on  each  side  of  the  amplifier 
as  shown  in  figure  19.  These  vortex  devices  also  feed  back  to  the  inter¬ 
action  region.  Rotation  of  the  entire  device  causes  a  circulation  In 
the  same  direction  in  both  vortical  regions  on  either  side  of  the  amplifier. 
One  of  these  will,  therefore,  be  in  the  same  direction  as  the  flow  from 
the  amplifier;  whereas,  the  other  will  be  in  the  opposite  direction. 

This  will,  therefore,  cause  a  pressure  difference  across  the  amplifier 
resulting  in  departure  from  the  symmetrical  "sinusoidal"  signal  obtained 
when  the  device  is  not  rotated  (see  fig.  19) • 

8.6.4  Application  to  a  Drive  Shaft 

In  most  applications  of  the  vortex  rate  sensor,  one  is  concerned 
with  very  low  angular  rates.  At  low  rates,  the  resistance  drop  across 
the  sensor  (from  input  to  output)  due  to  swirl  is  relatively  small;  at 
large  angular  rates,  however,  the  pressure  drop  between  the  input  and 
the  output  becomes  large  enough  to  be  measured.  This  method  is  used,  for 
example,  to  measure  the  speed  of  rotation  of  a  drive  shaft  [66]. 
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As  figure  20  Illustrates,  a  disc  or  wheel  Integral  with  the  drive 
shaft  provides  the  vortlclty  that  causes  a  resistance  drop  between  input 
and  outprt.  The  input  and  output  are  than  applied  to  the  controls  of  a 
fluid  amplifier. 

8.6.5  Spherical  Plckoffs 

Sarpkaya  [47]  has  designed  a  vortex  rate  sensor  that  uses  vanes  to 
obtain  uniform  input  flow  and  to  couple  the  sensor  rotation  to  the  fluid. 

The  plckoffs  consist  of  two  spheres  each  supported  by  signal  transmission 
tubes.  This  arrangement  allows  two  additional  degrees  of  freedom  compared 
to  the  cylindrical  plckoff,  since  the  holes  in  the  spheres  can  be  translated 
and/or  rotated  with  respect  to  each  other.  Sarpkaya  states  that  this 
arrangement  has  resulted  In  increased  sensitivity,  more  accurate  nulling, 
less  noise,  and  improved  linearity. 

9.0  ACCELEROMETERS 

Most  fluidic  accelerometers  involve  a  mass  of  some  solid  as  well  as 
the  fluid.  Even  in  those  cases  where  only  fluid  is  used,  a  diaphragm  is 
usually  involved.  There  Is,  however,  one  type  that  we  will  discuss  that 
uses  two  different  fluids  and  no  diaphragm,  and  there  are  several  types 
that  use  a  single  fluid  directly  affecting  a  fluid  amplifier. 

9. 1  Seismic  Mass 


We  first  consider  those  types  of  accelerometers  involving  a  solid 
seismic  mass.  A  number  of  these  are  of  the  proximity  sensor  type.  In 
this  type  of  device  the  mass  is  situated  between  two  proximity  sensors 
such  as  shown  in  figure  21.  A  typical  device  measures  the  acceleration 
along  the  axis  of  two  proximity  sensors.  Under  acceleration,  the  ball 
moves  toward  one  of  the  sensors  and  away  from  the  other,  causing  pressures 
signals  to  arise  as  is  usual  in  proximity  sensors  of  this  type  [48]. 

The  mass  may  also  be  inserted  Into  a  circuit  [49]  that  includes  one 
or  more  fluid  amplifiers  as  illustrated  in  the  figure  22.  The  mass  used 
is  a  cylinder  rether  then  e  ball.  When  there  is  no  ecceleration  the 
cylinder  is  midwey  between  the  two  controls  end  the  output  of  each  of  the 
two  fluid  amplifiers  is  balenced.  Some  part  of  each  of  the  last  stage 
outputs  is  fed  back  as  Illustrated.  When  acceleration  causes  the  cylinder 
to  move  closer  to  one  side  than  the  other,  the  flow  will  be  restricted 
causing  tiv,«  pressure  in  the  side  nearest  the  cylinder  to  increase,  thereby 
deflecting  the  amplifier  jets.  This  Increases  the  feedback  in  a  way  that 
tends  to  further  increese  the  pressure  on  the  side  nearest  the  cylinder, 
it  is,  therefore,  necessary  that  care  be  teken  in  the  design  so  that 
the  gain  is  not  large  enough  to  cause  saturation  at  too  .'-mail  values 
of  the  acceleretion. 
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9.2  Vibrating  String  Accelerometer 

The  operation  of  the  vibrating  string  accelerometer  [50,  51 ]  is  based 
upon  the  fact  that  the  vibration  frequency  of  a  string  is  dependent  upon 
the  tension.  If,  as  Is  shown  In  figure  23a,  an  acceleration  Is  applied 
in  the  direction  A,  the  force  on  the  mass  will  change  the  tension  in 
the  string.  Air  is  blown  past  the  string  from  a  nozzle  into  a  receiver 
opposite  the  string,  resulting  in  Karman  vortices  being  shed  from  the 
string  which  causes  it  to  oscillate.  Coupling  of  the  resonant  frequency 
of  the  string  with  the  vortex  oscillations  force  the  oscillations  to 
take  on  essentially  the  resonant  frequency  of  the  string.  The  vibration 
of  the  string  In  front  of  the  receiver  openings  (fig.  23b)  causes  an 
output  signal  of  the  same  frequency.  By  using  two  pairs  of  nozzles  and 
receivers  on  opposite  sides  of  the  proof  mass,  a  difference  frequency 
is  obtained. 

10.0  ANGULAR  ACCELEROMETERS 

The  principles  used  in  the  linear  accelerometers  can  in  general  also 
be  used  for  angular  accelerometers.  This  is  particularly  true  for  fluid 
types  such  as  those  described  by  Schmidlin  in  part  I.  Schmidlin  discusses 
[52]  using  one  or  anre  loops,  filled  with  mercury,  connecting  the  two  controls 
of  a  fluid  amplifier,  as  an  angular  accelerometer. 

Depending  upon  the  resistance  in  the  loop,  connecting  together  the 
two  controls  may  cause  oscillation.  The  device  can  still  be  used  in 
that  case  as  shown  by  Hunch  [53].  When  there  is  no  angular  acceleration 
the  signal  out  is  sinusoidal.  When  an  angular  acceleration  is  present 
the  waves  become  distorted  in  the  same  way  as  the  rate  sensor  of 
Neradka  [45].  Of  course  it  is  then  necessary  to  process  the  signal  in 
order  to  determine  the  acceleration. 

Angular  acceleration  can  also  be  measured  by  a  device  due  to  Colston  [54]. 
This  device  also  depends  on  loops  or  windings;  however,  these  windings  are 
interposed  between  two  stages  of  fluid  amplifiers  and  are  perpendicular  to 
the  plane  of  the  amplifiers. 

11.0  PRESSURE  DETECTING  DEVICES 


In  certain  processes  It  is  necessary  that  a  particular  action  should 
occur  if  a  preset  pressure  level  is  reached.  One  way  of  doing  this  Is  to 
bias  one  control  of  a  bistable  switch,  uslr.g  a  reference  pressure  so  that 
the  unit  will  switch  when  the  pressure  of  the  other  control  exceeds  it. 

The  comparison  may  also  be  made  in  a  proportional  amplifier,  the  output 
of  which  may  then  be  used  for  actuation  of  some  device  or  to  switch  a 
bistable  device. 

By  using  the  geometry  of  figure  24,  a  band  of  pressure  in  the  vicinity 
of  the  reference  pressure  may  be  selected  [55].  If  the  unknown  pressure 
is  close  to  that  of  the  reference  pressure,  the  flow  exits  through  A. 


If  th«  unknown  pressure  Is  either  sufficiently  less  then  or  more  then  the 
reference  pressure,  the  flow  exits  through  B. 

The  need  for  an  auxiliary  reference  pressure  can  be  avoided  by  taking 
advantage  of  the  different  f low-pressure  relations  in  a  linear  and  a  nonlinear 
resistor.  The  source  to  be  measured  is  fed  to  one  control  of  an  ampli¬ 
fier  through  a  linear  resistor  and  to  the  other  control  through  a  nonlinear 
resistor.  If  the  source  and  reference  pressures  are  equal  the  amplifier 
outputs  arc  equal.  At  low  pressures,  the  flow  through  the  nonlinear 
resistor  will  be  less  than  that  through  the  linear  resistor  (fig.  25). 

If  the  source  pressure  Is  greater  than  the  reference  pressure,  the  flow 
through  the  nonlinear  resistor  will  be  greater  than  that  through  the 
linear  resistor.  This  concept  has  been  used  to  obtain  a  pressure  regulator 
by  White  and  Kirshner  [56,  57]* 

12.0  LEVEL  SENSORS 


These  sensors  are  usually  adaptations  of  a  proximity  and/or  pressure 
sensor.  In  general  if  a  number  of  tanks  are  to  be  filled  with  a  liquid, 
the  liquid  Itself  Is  used  in  the  fluid  amplifiers  sensing  and  controlling 

the  level.  When  the  desired  level  is  attained,  as  indicated  by  some 

pressure  threshold,  the  liquid  is  switched  to  another  tank  or  to  a  reservoir 
[58,  59,  60].  If  the  system  is  one  that  requires  that  the  liquid  flow 
be  shut  off,  then  the  sensing  is  done  with  air  which  actuates  the  valves 
to  start  or  stop  the  flow  of  liquid  [61,  62]. 

12.1  Acoustic  Ear 

The  acoustic  ear  may  be  used  to  measure  the  distance  to  the  top  of 

the  liquid  or  granular  solid  level,  using  an  interference  pattern  to 

determine  the  distance  between  the  sensor  and  the  top  of  the  material  to 
be  measured  [63].  The  sensor  Is  situated  vertically  above  the  container 
of  material.  As  the  level  of  the  material  In  the  container  rises,  the 
distance  between  the  sensor  and  the  top  of  the  material  changes.  As 
this  distance  decreases,  the  pressure  intensity  due  to  the  Interference- 
pattern  receiver  at  the  amplifier  alternately  Increases  and  decreases, 
forming  a  wave  pattern.  The  wave  pattern  is,  however,  not  of  constant 
amplitude  because  the  intensity  also  changes  not  only  because  of  inter¬ 
ference,  but  also  because  the  distance  that  the  signal  must  travel 
decreases.  As  a  result,  the  peaks  of  the  signal  grow  successively  larger 
as  the  distance  decreases  as  shown  in  figure  26.  The  amplifier  is  set 
so  that  at  the  desired  level  the  intensity  of  the  peak  reached  will  be 
sufficient  to  actuate  turn  off  the  material  being  supplied  to  the  container. 

12.2  Biased  Ampl i f ier 

A  method  of  sensing  '(quid  level  is  to  use  a  properly  biased  bistable 
amplifier  to  fill  the  container.  One  outlet  of  the  amplifier  empties 
Into  the  container.  The  other  goes  back  to  the  reservoir.  One  amplifier 
control  Is  connected  to  a  sensing  tube  which  is  perpendicular  to  and  normally 
out  of  the  liquid.  While  the  container  is  being  filled  the  amplifier 
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is  biased  in  the  direction  causing  the  flow  to  move  into  the  container. 

Air  is  being  drawn  through  the  sensing  tube  into  the  amplifier  control. 

When  the  level  of  the  liquid  becomes  high  enough  to  cover  the  open  end 
of  the  sensing  tube,  the  pressure  is  lowered  on  that  side  of  the  amplifier 
which,  therefore,  flips  so  that  the  flow  is  now  back  into  the  reservoir 
instead  of  into  the  container  [59,  60,  64]. 

12.3  Aspirator  Fine  Control 

Aspiration  through  the  sensing  tube  may  be  used  to  control  the  liquid 
level  more  accurately  where  that  is  desirable.  In  general  there  will  bo 
some  liquid  left  in  the  outlet  line  when  the  liquid  level  has  covered  the 
sensing  tube.  This  liquid  will  drain  into  the  container  changing  the 
level  somewhat.  Suction  caused  by  entrainment  can  be  used  to  remove 
this  excess  fluid  [66]. 

12.4  Proximity  Sensor 

A  proximity  sensor  perpendicular  to  the  liquid  may  also  be  used  as 
a  means  of  flipping  an  amplifier  [66].  Air  from  a  sou'ce  supplies  both 
the  amplifier  control  and  a  tube.  When  the  tube  opening  is  above  the 
liquid  level,  the  tube  resistance  is  low.  When  the  water  level  rises  to 
cover  the  tube  opening,  the  resistance  to  flow  becomes  hiejh  and  sufficient 
pressure  and  'low  Is  then  available  to  flip  the  amplifier.  When  the  water 
level  covers  the  tube,  air  from  the  tube  bubbles  through  the  water.  This 
is,  therefore,  commonly  called  a  bubbler  tube  type  of  sensor. 

12.5  interrupted  Jet  Sensor 

An  irterrupted  jet  sensor  such  as  shown  in  figure  3  can  also  be  used 
as  a  liquid-level  sensor.  The  sensor  is  positioned  in  the  liquid  so  that 
it  is  perpendicular  to  the  surface  of  the  liquid  with  the  emitter  on  the 
bottom.  As  long  as  the  surface  of  the  liquid  is  below  the  emitter,  air 
from  the  emitter  moves  into  the  catcher.  When  the  liquid  level  covers 
the  emitter,  the  flow  of  air  is  interrupted  causing  a  signal  [67]. 

Interrupted  jet  sensors  of  the  simple  type  (fig.  3a)  are  used  to 
detect  the  level  of  oil-air  foam  mixtures  according  to  a  patent  by 
Meyer  [68].  The  sensor  is  situated  at  the  desired  liquid  level.  The 
pressure  recovery  decreases  as  the  foam  mixture  covers  the  jet  receiver 
combination.  In  order  to  compensate  for  changes  in  pressure  that  may 
occur  for  environmental  reasons,  a  second  sensor  is  completely  immersed 
within  the  liquid.  The  pressure  recovery  of  the  two  sensors  are  then 
compared  in  an  amplifier.  The  differential  pressure  Indicates  the  presence 
or  absence  of  the  foam  at  the  upper  device. 

12.6  Signal  Propagation  Time 

The  capacitance,  or  signal  propagation  time  of  a  tube  immersed  in  a 
liquid,  has  also  been  used  to  change  the  frequency  of  an  oscillator  as  a 
function  of  the  liquid  level.  The  frequency  of  oscillation  increases 
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because  es  the  liquid  rises  in  the  tubs  its  capacitance  [69,  70] 

Is  changed. 

13.0  TEMPERATURE  SENSORS 

In  contrast  with  the  many  other  types  of  temperature  sensors,  fluidic 
temperature  sensors  measure  the  temperature  of  a  fluid  in  motion.  Like 
the  more  conventional  devices,  however,  the  measurement  is  made  on  some 
parameter  that  is  a  function  of  the  temperature. 

When  it  is  feasible,  the  gas  whose  temperature  is  desired,  is  moved 
through  the  temperature  sensor.  This  technique  gives  the  fastest  response 
time.  In  other  cases  the  sensor  Is  used  as  a  probe  inserted  into  the 
material  whose  temperature  is  required.  In  which  case  the  gas  within  the 
sensor  must  be  allowed  to  approach  thermal  equilibrium  with  Its  surround¬ 
ings. 


Flow-Resistance  Temperature  Sensor 


In  the  flow- res (stance  temperature  sensor  (fig.  27),  the  temperature 
of  the  flowing  gas  is  determined  by  measuring  the  pressure  drop  across 
B-C  [71].  It  is  more  or  less  obvious  that  this  requires  that  the  pressure 
drop  between  A  and  B  and/or  C  and  D  change  in  a  different  way  with  tem¬ 
perature  than  does  the  pressure  drop  between  B  and  C. 


One  way  of  doing  this  is  to  place  an  orifice  resistor  between  A  and 
B  and  a  capillary  resistor  between  B  and  C  as  shown  in  figure  27. 


For  in  orifice,  the  pressure  drop  Ap  is  given  by 


*  •  i- ■  <»•> 

a 

where  d  is  the  orifice  diameter. 

For  laminar  flow  in  a  capillary  tube  that  exits  into  a  sudden  enlarge¬ 
ment  and  has  a  uniform  velocity  Input,  it  can  be  shown  that  [72] 


where.  In  equation  36,  u  is  the  axial  velocity,  q  is  the  volume  flow,  d  is 
the  tube  diameter,  crf  is  the  discharge  coefficient,  u  is  the  viscosity  and 

t  is  the  length  of  capillary. 

For  most  gases,  w  is  an  exponential  function  of  temperature  over  at 
least  a  limited  range,  l.e., 

u  -  uQ  T#n  (35a) 

where  and  n  are  positive  constants  (for  air,  n  -  0.76  over  an  appreciable 
range)  and  T#  is  the  absolute  temperature  of  the  gas. 
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Furthermore,  from  the  ideal  gas  law 

o  -  p-f—  (35b) 

9  * 

where  R  is  the  gas  constant. 

9 

how,  p,  p,  and  will  actually  be  functions  of  position  along  the 

duct;  however,  for  our  purposes  we  shall  use  the  averages  over  the  duct 
volume  and  assume  that  equation  35b  holds  approximately  for  the  average 
values. 


.low,  if  the  volume  flow,  q,  is  Kept  constant,  the  pressure  drop 
across  an  orifice  as  a  function  of  temperature,  (from  equations  3**a  and 
35b) ,  is  of  the  form 

Ap  -  aTa_1  (36) 

whereas,  the  pressure  drop  across  a  capillary  duct  is  of  the  form 

Ap  -  b  T  n  ♦  b  T  "I  (37) 

1  a  2  ■ 

It  follows  from  equation  36  that  the  pressure  drop  across  the  orifice 
decreases*  with  temperature;  whereas,  except  at  extremely  low  temperatures 
(when  equation  37  no  longer  holds  in  any  case)  the  pressure  drop  across 
the  capillary  increases  with  temperature  since  the  first  term  for  the  most 
practical  cases  is  numerically  appreciably  greater  than  the  second.  The 
factors  that  make  the  capillary  (linear)  term  of  equations  3*»b  or  37 
large  with  the  respect  to  the  square-law  term  also  increase  the  capillary 
resistance  so  that  a  high  sensitivity  is  associated  with  a  large  resistance. 
If  this  pressure  drop  is  to  be  used  as  an  input  to  a  fluidic  control 
system,  it  will  be  a  high  impedance  source  and  the  device  into  which 
it  feeds  must  have  a  high  input  impedance. 

Very  often  an  even  more  important  consideration  is  the  time  constant 
of  the  system  arising  from  the  high  resistance,  necessitated  by  the  above 
requirement,  coupled  with  the  volume  capacitances  of  the  fluid  lines. 

When  the  measurement  is  made  by  immersing  a  probe,  through  which 
gas  is  flowing,  into  the  medium  to  be  measured,  the  internal  gas  is  hot 
only  downstream  of  the  point  of  immersion  so  that  the  pressure  drop  will 
be  different  than  for  the  case  discussed  above,  where  the  measured  gas 
flows  through  the  resistance. 

13*1.1  Bridge  Type  Resistance  Temperature  Sensors 

Haspert  has  reported  [73]  the  use  of  a  fluidic  bridge  for  measuring 
small  temperature  changes  due  to  the  passage  cf  current  through  a  wire. 

The  sensor  consists  of  two  parallel  sets  of  orifice  and  capillary  resistors 

*Note  that  this  Is  not  true  if  mass  flow  rather  than  volume  flow  is  held 
constant. 
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in  series  (fig.  35  of  part  I).  The  wire  is  jin  the  vicinity  of  one  of 
the  orifices  and  the  bridge  becomes  unbalanced  when  the  gas  temperature 
changes  due  to  passage  of  current  through  tra  wire. 

13.1.2  Infrared  Sensor 

The  infrared  sensor  [7*>]  uses  four  laminar  resistors  each  of  which 
is  zig  zagged  back  and  forth  on  a  quadrant  of  a  circular  disk  so  as  to 
substantially  cover  that  quadrant.  The  four  resistors  together  conse¬ 
quently  cover  the  entire  circular  disk.  The  resistor  covered  disk  is 
positioned  on  the  axis  of  a  parabolic  reflector  such  that  when  the  infrared 
source  is  on  the  reflector  axis,  the  beam  will  be  focused  at  the  center 
of  the  disk  and  all  four  quadrants  will  be  equally  affected,  if  the 
heat  source  is  off  axis,  the  beam  too  will  be  off  axis  and  the  direction 
will  be  sensed  by  heating  of  the  quadrant  (or  quadrants)  upon  which  the 
beam  falls.  The  resistors  on  diagonally  opposite  quadrants  are  connected 
to  fluid  amplifier  inputs,  the  outputs  of  which  provide  an  indication 
of  the  position  of  the  beam. 

13.2  Fluidic  Oscillator  Temperature  Sensors 

The  frequency  of  a  fluid  oscillator  [75,  76,  77,  78]  depends  on 
the  speed  of  wave  propagation.  Since  the  speed  of  wave  propagation  in 
a  gas  depends  0.1  temperature,  the  frequency  of  oscillation  is  a  measure 
of  the  temperature.  The  obvious  approach  is  to  use  a  fluid  amplifier 
or  a  bistable  switch  together  with  a  feedback  circuit.  The  bistable 
switch  used  as  an  oscillator  is  shown  in  figure  28.  The  method  of  operation 
is  as  follows:  If  the  jet  is,  for  example,  on  the  right-hand  side,  some 
of  the  flow  will  be  returned  through  the  feedback  loop  on  the  right- 
hand  side  to  the  right-hand  control  where  It  will  switch  the  Jet  to  the 
left-hand  side.  This  in  turn  will  now  cause  some  of  the  flow  to  be  returned 
through  the  left-hand  feedback  loop  through  the  left-hand  control  and 
again  switch  the  jet  back  to  the  right-hand  side,  thus  completing  the 
cycle. 


The  period  of  oscillation  T  will  be 

T  *  ♦  2t$  (38) 

where 

t  Is  the  switching  time  and  is  inversely  proportional  to  the  Jet 
5  velocity, 

c  is  the  speed  of  wave  propagation, 

L  is  the  length  of  one  loop. 


If  the  duct  is  not  too  small,  then  the  speed  of  wave  propagation 
c  will  be  approximately  equal  to  the  speed  of  sound  ajt  given  by 

"  <TR  T  )* 
s  g  a 

where  y  is  the  ratio  of  specific  heats. 


(39) 


If  we  assume  that  the  switching  time  t$  is  negligible,  the  frequency 
of  oscillation,  f,  is  then  given  from  equations  38  and  39  by 


f 


1 

T 


(vy.)* 

2£ 


m 


The  derivative  of  the  logarithm  of  (40)  shows  that  a  change  In  fre¬ 
quency  is  related  to  a  change  in  temperature  by 

df  «  y£-  dTa  . 

Thus,  for  a  given  temperature  the  change  in  frequency  is  proportional 
to  the  frequency  of  oscillation.  This  means  that  to  increase  the  sensitivity, 
It  is  necessary  to  increase  the  frequency  at  which  the  oscillator  is  operating 
consequently,  the  feedback  path  should  be  short.  (Making  the  feedback  path 
short  makes  it  necessary  to  take  the  switching  time  into  account  in  relating 
temperature  and  frequency). 


The  feedback  path  is  shortest  if  a  resonant  chamber  or  internal  feed¬ 
back  is  used  instead  of  the  external  ducts.  This  configuration  together 
with  the  high  speed  of  oscillation  eliminates  wall  attachment  so  that 
the  switching  time  need  not  be  considered. 

13*2.1  Cavity-Type  Oscillators 

Gottron  and  Gaylord  early  In  1962  [75]  found  on  examining  the  frequencies 
present  in  an  oscillator  built  with  external  feedback  that  not  only  the 
frequency  due  to  the  line  length  was  present  but  that  a  much  higher  frequency 
also  existed.  This  higher  frequency  was  quickly  attributed  to  cavity 
resonance.  Further  experiment  seemed  to  Indicate  that  the  frequencies 
were  related  both  to  edgetone  frequencies  and  to  the  resonant  frequencies 
of  the  cavities.  This  type  of  temperature  sensor  is  often  called  an 
edgetone-cavi ty  oscillator. 


Since  this  oscillator  is  actually  a  special  case  of  a  beam  deflection 
amplifier,  equations  (details  will  be  published  elsewhere)  based  on  previous 
discussions  [72,  79]  of  the  beam  deflection  amplifier  a'e  presented. 


Assuming  rectangular  cavities  of  breadth  by  and  length  l  (in  direction 


of  the  Jet)  on  each  side  and  that  the  nozzle-splitter  distance  is  also 
k,  then  for  an  assumed  constant  Jet  velocity  u  and  nozzle  width  b,  the 
following  expression  relating  the  various  parameters  with  the  frequency 
is  obtained: 


e*  i  -  ctb*2  (i  +  2m) 

T  ■  T  ~\  -  CyB^2  (1  +  ra) 


(41) 


where 


PU  2  u  2 
o  o 
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u  ■  angular  frequency 
“  mach  number-. 

Expression  41  Is  plotted  in  figure  29  for  the  first  two  modes  of  oscillation. 

Although  an  infinite  number  of  modes  are  possible  from  equation  41, 
considerations  of  the  gain  around  the  loop  cause  the  higher  modes  of 
oscillation  to  drop  out  as  increases  so  that  for  CT  >  0.045  only  the 

fundamental  exists,  it  is  interesting  to  note  that  this  model  predicts 
that  for  values  of  Cy  near  zero,  the  frequency  of  oscillation  is  the 
edgetone  frequency. 

Although  quantitatively  Incorrect,  the  results  do  agree  qualitatively 
with  experiment  wl th  respect  to  the  effect  on  the  frequency  of  velocity, 
chamber  length  and  breadth,  and  temperature.  It  Is  believed  that  the 
major  reason  for  lack  of  quantitative  agreement  is  the  assumption  of 
constant  jet  velocity.  In  addition  to  omitting  the  velocity  dependence 
of  the  jet,  the  theory  also  neglects  nonlinear  effects  that  cause  distortion 
of  the  wave  at  high  amplitudes  resulting  In  harmonics. 

If  the  frequency  is  considered  as  a  function  of  pressure  it  is  apparent 
that  as  the  pressure  Increases,  a  maximum  frequency  must  eventually  be 
reached  when  the  flow  becomes  sonic  somewhere  In  the  system,  since  for 
pressures  higher  than  that  causing  sonic  flow,  the  velocity  remains 
constant  unless  the  temperature  Is  changed. 

When  used  as  a  temperature  sensor,  the  flow  should  preferably  be 
sonic  in  the  sensor  Input  or  output  line  so  that  the  Mach  number  in  the 
oscillator  is  relatively  independent  of  pressure.  Then  as  the  speed 
of  sound  changes,  the  velocity  will  change  in  the  same  way  and  because 
is  constant,  the  frequency  will  be  proportional  to  the  velocity  and 
consequently  proportional  to  the  speed  of  sound. 

The  design  is  optimum  If,  when  the  flow  is  choked,  the  value  of 

is  such  that  only  the  undistorted  fundamental  is  present  and  its  amplitude 
is  maximum.  This  value  must  be  slightly  greater  than  0.045  according  to 
the  linear  analysis  presented,  so  as  to  eliminate  the  higher  modes,  but 
must  actually  be  appreciably  greater  than  0.045  to  eliminate  the  modes 
of  oscillation  due  to  wave  distortion. 

13-2.2  Response  Time  of  Oscillator  Temperature  Sensors 

Very  often  an  important  consideration  in  a  temperature  sensor  is 
its  response  time,  i.e.,  the  time  that  it  takes  to  approach  some  fraction 
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of  the  final  temperature  when  the  temperature  changes  in  the  form  of  a 
step.  When  the  temperature  sensor  is  used  as  a  probe  to  measure  the 
temperature  of  its  surroundings,  the  important  considerations  are  to 
keep  the  mass  flow  through  the  sensor  small  and  the  walls  thin. 

When  the  gas,  whose  temperature  is  to  be  measured  flows  through  the 
sensor,  the  physical  considerations  entering  into  the  response  time  of 
the  sensor  can  be  essentially  determined  by  examining  the  geometry  of 
the  system  and  considering  the  material  of  which  it  is  made.  The  first 
relatively  obvious  requirement  is  that  the  sensor  should  be  placed  as 
close  as  is  feasible  to  the  point  at  which  the  temperature  is  to  be 
measured  and  if  possible  the  lines  should  be  Insulated. 

Any  distance  between  the  point  where  the  measurement  is  desired  and 
the  temperature  sensor  will  allow  the  gas  to  exchange  heat  with  its 
surroundings  (the  duct);  and  since  in  general  the  duct  will  never  come 
up  to  the  gas  temperature  because  of  its  heat  losses,  the  temperature 
at  the  sensor  will  not  only  take  appreciable  time  to  arrive  at  equilibrium, 
but  will  also  be  in  error. 

A  second  contributor  to  response  time  is  the  flush  out  time,  the 
time  involved  in  cleaning  out  or  exhausting  the  gas  at  the  old  temperature. 
To  the  extent  that  the  old  gas  tends  to  remain  in  the  chamber  and  mix 
with  the  new  gas,  the  response  wilt  be  delayed.  Therefore,  the  device 
trust  be  designed  to  be  flushed  out  by  the  incoming  gas.  A  final  important 
factor  contributing  to  the  response  time  is  heat  transfer  between  the 
walls  of  the  oscillator  and  the  gas  by  radiation  and,  to  a  lesser  extent 
by  conductivity. 

When  one  attempts  to  read  out  the  temperature  or  transfer  this  infor¬ 
mation  to  some  other  point,  the  advantages  of  the  frequency  technique 
compared  with  the  resistor  method  become  apparent.  Temperature  gradients 
In  the  readout  system  will  affect  the  output  of  the  resistor  method 
(pressures  and  flows)  to  an  unknown  extent  leading  to  erroneous  results, 
but  this  will  not  affect  an  output  frequency.  Thus,  the  frequency  signal 
can  be  transmitted  for  some  distance  without  altering  the  frequency  and 
may  be  used  as  a  fluid  control  signal. 

If  this  signal  is  to  be  carried  over  an  appreciable  length  of  line, 
several  considerations  are  important,  in  general  we  desire  a  high  slgnal- 
to-noise  ratio.  A  temperature  sensitive  oscillator  not  only  has  to  contend 
with  random  noise  but  because  of  the  nonl fnearlties  involved,  harmonics 
of  the  frequency  corresponding  to  the  temperature  also  appear.  If  this 
signal  is  to  be  used  in  a  servo  system,  then  it  is  necessary  that  the 
ratio  between  the  amplitude  of  the  fundamental  and  the  next  harmonic  be 
fairly  large.  This  ratio  can  be  kept  reasonably  large  by  careful  attention 
to  the  design  of  the  oscillator  and  to  the  fluid  lines,  and  the  matching 
of  the  oscillator  to  the  fluid  lines.  In  some  cases  it  may  be  necessary 
to  add  acoustic  filters  to  filter  the  harmonics  or  to  decrease  their 
ampl i tudes. 
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In  many  cases  it  Is  necessary  to  convert  the  oscillating  signal 
Into  a  d.c.  pressure  proportional  to  frequency.  Some  circuits  to  do  this 
are  discussed  by  Sutton  and  Chapin  [80] . 


The  time  resporse  of  temperature  sensing  oscillators  is  discussed 
by  McMillan  and  Pamperin  [81 ]  who  model  it  as  the  sum  of  two  first-order 
lags 


G(s) 


,  ki  + _ !<2_ 

I  +  T 1 S  1  ♦  T2S 


where  ti  is  the  time  delay  associated  with  the  flush-out  time  and  T2  is 
the  delay  associated  with  the  thermal  inertia  of  the  body. 

The  authors  give  typical  time  constants  as 

t i  -  0.01  seconds 
T2  *  2.0  seconds. 

The  second  time  constant  may  be  compensated  for  by  a  lead  circuit, 
according  to  the  authors. 

1<<.0  VELOCITY  METER  OR  FLOWMETER 

An  oscillator  can  be  used  as  a  flowmeter  [82,  83]  over  some  velocity 
range  because  the  frequency  is  velocity  dependent  for  the  lower  velocities. 

For  example,  if  we  examine  figure  29,  we  note  that  for  C^.  sufficently 
small,  $£  Is  approximately  constant. 

Since  bIL  *  ~  ,  It  follows  that  for  Bj,  «  constant,  the  fre¬ 

quency  f  is  proportions?  to  the  velocity.  Thus,  for  low  velocities,  the 
frequency  will  increase  approximately  linearly  with  velocity.  If  a 
cavity  oscillator  is  used  to  measure  velocity,  it  is  apparent  that  the 
geometry  should  be  chosen  such  that  Cj  *  .03  for  the  highest  velocity  to 

be  measured  and,  in  general  It  Is  seen  that  figure  29  equations  41  indi¬ 
cate  that  for  an  oscillator  intended  for  use  as  a  flowmeter,  the  ratio 
bj/l  should  be  made  small  so  as  to  extend  the  linear  region;  whereas,  for 

an  oscillator  intended  as  a  temperature  sensor,  the  ratio  b^/t  should  be 

large  so  that  the  frequency  can  be  made  pressure  insensitive  at  lower 
pressures. 

The  external  feedback  type  of  oscillator  (fig.  28)  has  some  advantages 
over  the  cavity  type  when  used  as  a  flowmeter.  This  type  of  oscillator 
can  be  designed  to  give  a  long  linear  range  of  frequency  vs.  velocity 
and  tends  to  provide  a  cleaner  signal  at  low  velocities  than  does  the 
cavity  type  oscillator.  The  reason  for  the  cleaner  signal  Is  that  the 
cavity  type  has  many  modes  of  oscillation  competing  for  the  energy  at 
low  velocities,  as  compared  with  the  external  feedback  type. 
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Now  the  period  of  oscillation  T  Is  given  In  equation  38  as 


T- £!•♦*,, 


where  Is  the  switching  time.  This  switching  time  is  Inversely  pro* 
portlonal  to  the  Jet  velocity,  l.a., 

kL 

Ts  “  u 

where  L  is  the  nozzle  to  splitter  distance.  A  fast  switching  device 
has  a  value  of  k  between  one  and  two,  but  in  some  devices  k  can  be  appre¬ 
ciably  greater.  If  a  long  linear  range  is  desired,  then  k  should  be 
large  and  the  feedback  line  should  be  as  short  as  possible  so  that  i$ 

is  large  compared  to  the  time  for  feedback.  This  will  result  in  a  long 
linear  range. 

15.0  RESISTANCE  BRIDGE  CONCENTRATION  SENSOR 

The  bridge  configuration  used  for  temperature  sensing  can  also  be 
used  to  determine  the  concentration  of  a  known  impurity  in  a  gas.  (See 
fig.  35  of  part  I). 

An  equation,  relating  the  concentration  of  gas  it  is  desired  to 
measure,  is  obtained  by  Villaroel  and  Woods  [34]  as  follows: 

The  pressure  drop  across  the  linear  resistor  Is  given  by 


where  y  -  viscosity; 

q  -  volume  flow; 

a  ■  constant  dependent  on  geometry. 

The  pressure  drop  across  the  nonlinear  resistor  is  give:,  by 

Pjj  *  bpq2  (43) 

where  p  ■  density; 

b  -  constant  dependent  on  geometry. 

The  pressure  drop  across  the  two  resistors  in  series,  Dg,  is  held 
constant  and 

PB  "  PLS  *  PKS  "  pLR  +  pNR  (W) 

where  the  subscripts  S  and  R  indicate  the  halves  of  the  bridge  through 
which  pass  respectively  the  sample  and  reference  gases. 
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Consequently  maximum  sensitivity  Is  obtained  If,  for  the  particular 
reference  gas  being  used,  resistor  geometries  and  the  pressure  p.  Is 
chosen  such  that  6  -  1.207.  B 

The  above  analysis  assumes  that  both  the  linear  and  nonlinear 
resistances  are  pure;  in  actual  fact,  however,  the  linear  resistances 
will  have  some  nonlinearity  and  vice  versa.  Villaroel  and  Woods  show 
that  this  Impurity  of  the  resistances  can  be  accounted  for  by  a  multi* 
pi  I cat I ve  factor  n. 

A  plot  of  G(6)  for  CO2  is  glvan  In  figure  36  part  I. 

16.0  IN  CONCLUSION 


The  sensors  described  in  parts  1  and  2  by  no  means  include  all  the 
fluidic  sensors.  New  types  are  continually  being  devised,  most  often 
by  adapting,  modifying,  or  combining  one  or  more  existing  sensors  to 
a  new  use,  and  occasionally  by  applying  for  the  first  time  some  fluid 
phenomenon  that  had  previously  escaped  recognition  as  a  means  of  sensing. 

Seemingly  unrelated  improvements  In  fluidic  devices  (such  as  low 
noise  laminar  amplifier*)  often  make  possible  new  or  Improved  sensors. 
Thus,  we  can  continue  to  look  forward  not  only  to  the  capability  of  better 
sensing  techniques  to  Improve  current  devices,  but  to  the  possibility  of 
measuring  fluid  properties  In  ways  not  thought  of  as  yet. 


223 


REFERENCES 


1.  Brychta,  0.  and  Suresh,  N.,  "New  Pneumatic  Signal  Generator,"  ASHE  Paper 
#71-WA/Flcs-A,  December  1 97 1 . 

2.  Hoses,  H.  L. ,  Small.  D.  A.  and  Cotta,  G.  A.,  "Response  of  a  Fluidic  Air 
Gauge,"  ASHE  Paper  #68-WA/FE-l6,  December  1968. 

3.  Jacobs,  a.  E.  A.  and  Baker,  P.  J.,  "The  Development  of  Fluidic  Sensors 
for  Application  In  Steel  Handling,"  Paper  RA,  Fourth  Cranfield 
Fluidics  Conference,  17~20  Harch  1970. 

A.  Izawa,  Keisuke,  Tokyo  Institute  of  Technology,  as  reported  at  the 
Fluidics  Round  Table  Discussion,  IFAC  June  1 969. 

j.  Beeken,  Basil  B.,  "Acoustic  Fluidic  Sensor,"  Instruments  and  Control 
Systems,  February  1970. 

6.  O'Keefe,  Robert  F.,  "Importance  of  Fluidics  to  Al .*  Control  Technology," 
National  Conference  on  Fluid  Power  20  October  1971. 

7.  Beeken,  8.  3.,  "Long  Range  Fluidic  Acoustic  Sensor,"  paper  72-WA/Flcs-8, 
November  1972. 

8.  O'Keefe,  Robert  F. ,  "Development  and  Application  of  a  New  Jet 
Interaction  Fluid  Amplifier,"  22nd  ISA  Conference,  11-lA  September  1967, 
Preprint  #1 5-2 -MC I D-67 . 

9.  Rockwell,  Donald  0.,  "The  Hacroscropic  Nature  of  Jet  Flows  Subjected 
to  Small  Amplitude  Periodic  Disturbances,"  Chemical  Engineering 
Progress,  pp  99-107,  Vol.  67.  No.  109,  1971. 

10.  Kinsler,  L.  and  Frey,  A.,  "Fundamentals  of  Acoustics,"  page  1 69 •  Second 
Edition,  John  Wiley  and  Sons,  Inc. 

11.  Ibid,  page  17A. 

12.  Kishel,  J.  F. ,  "Fluid  Apparatus  for  Detecting  Acoustic  Signals," 

US  Pate  it  3,529,615,  22  September  1970. 

13.  Daruk,  A.  S.  and  Rukhadze,  V.  A.,  "Pneumatic  Force  Transducer," 

US  Patent  3.A72.257,  1A  Octover  1969. 

1A.  Drzewlecki,  T.  M.,  "Fluidic  Strain  Gage  Concepts,"  HDL-TR-1575, 

December  1971. 

15.  Drzewlecki,  T.  M.,  "The  Fluidic  Load  Ceil,"  HDL-TR-1622,  June  1973. 

16.  Tanney,  J.  W. ,  "Three  Fluidic  Sensors  Using  Unbounded  Turbulent  Jets," 
Paper  #R1,  Fourth  Cranfield  Fluidics  Conference,  1 7—20  March  1970. 


17*  Rc>*  *.  natol,  "On  the  Development  of  Turbulent  Wakes  from  Vortex 
Str.:  -f  TN2913,  NACA  1952. 

18.  Bailey,  S.  J.,  "Two  New  Flowmeters  Have  No  Moving  Parts,"  Control 
Engineering  Oecember  1989* 

19.  Campbell,  R.  J.,  "New  Vortex  Flowmeter  Uses  Ultrasonics,"  Control 
Engineering  July  1973. 

20.  Sharpsteen,  James  T.  "Fluid  Amplifier  Measures  Flow  Velocity," 

Control  Engineering  January  1966. 

21.  Ruedy,  R.,  "Vibrations  of  Power  Lines  in  a  Steady  Wind,"  Canadian 
Journal  of  Research,  Vol.  13,  Section  A,  1933* 

22.  Rodely,  Alan  E.f  "The  Swirl  Flowmeter,"  Journal  of  the  Southern 
California  Meter  Association  March  1968. 

23.  Fox,  H.  L. ,  "Direct  Fluidic  Sensor,"  Instrumentation  Technology, 

September  1967. 

24.  Levin,  G.  A.,  "Pneumatic  Sensing  Device  with  Digital  Readout,"  US 
Patent  3.239,142,  08  March  1966. 

25.  Nightingale,  R.  A.,  "Angular  Position  indicators  for  Rotatable  Shafts," 
US  Patent  3,433.238,  18  March  1969. 

26.  Bright,  Lawrence,  S.,  "Fluidic  Angular  Position  Transducer,"  US 
Patent  3.620,239,  16  November  1971. 

27.  Walk,  Horace  B.  Jr.,  "Fluidic  Angular  Displacement  Sensor," 

US  Patent  3.776,043,  04  December  1973. 

28.  National  Research  Development  Corporation  British  Patent  Spec  1,214,061, 
02  December  1970. 

29*  Leathers,  J.  W.  and  Davis,  J.  C.  H. ,  "A  New  Rotational  Speed  Sensor 
for  Fluidics,"  Paper  T3,  Fourth  Cranfield  Fluidics  Conference, 

17-20  March  1970. 

30.  Katz,  S.  and  Hastie,  E.,  "Fluidic  Sensing  of  Rotational  Speed  Using 
Spur  Gears,"  ASHE  Joint  Gas  Turbine  Fluid  Engineering  Conference, 

March  1972. 

31.  Katz,  S.,  "Speed  Sensor  and  Regulator  for  Prime  Movers,"  US  Patent 
No.  3,260,271,  12  July  1966. 

32.  Iseman,  Joseph  M.,  "Angular  Velocity  Regulation  with  a  Fluid  Inter¬ 
action  System,"  HDL  Fluid  Amplification  Symposium,  Vol.  Ill,  May  1964. 

33.  Bowles,  R.  and  Horton,  B. ,  "Fluid  Vortax  Transducer,  US  Patent  3,417,624, 
24  December  1968. 


225 


34.  Burke,  J.  F. ,  Scudder,  K.  R.  and  Dunn,  J.  I.,  Pick-off  for  Fluid  Angular 
Rata  Sensor,  US  Patent  3,454,023,  08  July  1969. 

35.  Sarpkeya,  Turgut,  "A  Theoretical  and  Experimental  Investigation  of  the 
Vortex-Sink  Angular  Rata  Sensor",  Proceedings  of  the  Third  HOL  Fluid 
Amplification  Symposium,  Vol .  2,  October  1985* 

36.  Ogren,  H.  0. ,  "Vortex  Rate  Sensor,"  US  Patent  3,202,237,  31  August  1965. 

37.  Doyle,  R.,  "Vortex  Rate  Sensor,"  US  Patent  3,240,060,  15  March  1966. 

38.  Jones,  0.  R. ,  "Readout  for  Vortex  Amplifier,"  US  Patent  3,272,213, 

13  September  1966. 

39.  Scudder,  K.  R.,  Burke,  J.  F. ,  and  Dunn,  J.  L.,  "Fluid  Angular  Rate  Sensor," 
US  3,365,955,  30  January  1968. 

40.  Sarpkaya,  T. ,  Goto,  J.  M.  and  Kirshner,  J.  M. ,  "A  Theoretical  and  Experi¬ 
mental  Study  of  Vortex  Rate  Gyro,"  Advances  in  Fluidics  ASHE,  May  1967. 

41.  Ostdiek,  Arthur  J.,  "Viscous  Vortex  Rate  Sensor,"  HDL-TR-1555,  November  1971. 

42.  Senstad,  P.  0.,  "Magnetically  and  Electrically  Rebalanced  Vortex  Rate 
Sensor,"  US  Patent  3,230,765,  25  January  1966. 

43.  Schmidlin,  Albertus  E.  and  Rakowsky,  Edward  L.,  "Angular  Rate  Sensor," 

US  Patent  3,530,725,  Patented  29  September  1970. 

44.  Brooks,  John  0.,  "Helical  Fluid  Signal  to  Pressure  Signal  Converter ," 

US  Patent  3,336,932,  22  August  1967. 

45.  Neradka,  Vincent  F.,  "AC  Vortex  Rate  Sensor,"  US  Patent  3,529,613, 

22  September  1970. 

46.  Przybylko,  S.  J.,  "Vortex  Analog  Speed  Sensor,"  US  Patent  3,342,196, 

19  September  1967. 

47.  Sarpkaya,  Turgut,  "A  Pneumatic  Vortex  Angular  Rate  Sensor-Analysis  and 
Experiments,"  Second  IFAC  Symposium  on  Fluidics,  28  June  -  2  July  1971, 
Prague,  Czechoslovakia. 

48.  Fish,  V.  R.  and  Lance,  G.  M. ,  "An  Accelerometer  for  Fluidic  Control 
Systems,"  ASME  Publication  67-WA/FE-29,  ASHE  Winter  Annual  Meeting, 

12-17  November  1967. 

49.  Bauer,  Peter,  "Uniaxial  Accelerometer  Controlled  Fluidic  Amp) if ier," 

US  Patent  3,543,782,  1  December  1970. 

50.  Schmidlin,  Albertus  E.  and  Evans,  John  L.,  "Fluidic  Accelerometer," 

US  Patent  3,581,579,  1  June  1971. 


226 


51.  Clark,  W.  K. ,  Lederman,  W.  and  Smith,  M.  S. ,  "Tha  Fluidic  Vibrating 
String  Accelerometer,"  prasantad  at  tha  IFAC  Symposium  on  Fluidics, 

4-8  Novambar  1968. 

52.  Schmldlin,  A.  E.,  "Fluaric  Acce 1 aroma  ter , "  US  Patant  3*577,786,  4  Hay  71. 

53.  Munch,  Otto  R.,  "Fluidic  Accaleromatar ,"  US  Patant  3,712,324,  23  Jan  73. 

54.  Colston,  John  R.,  "Accaleraomatar,"  US  Patent  3,450,145,  17  June  1969. 

55.  Bauer,  Peter.,  "Pressure  Band  Detector,"  US  Patent  3,340,885,  12  Sep  67. 

56.  White,  H.  N.  and  Kirshner,  J.  H.,  "Fluid  Pressure  Regulator  and  Reference," 
US  Patant  3,457,936,  29  July  1969. 

57.  White,  Harry  N.,  "Fluaric  Pressure  Regulation  Using  a  Resistance  Set 
Point,"  Vol.  4,  HDL  Third  Amp  Symp,  October  1965. 

58.  Adams,  R.  B. ,  "Level  Control  Apparatus,"  US  Patent  3,267,949,  23  Aug  66. 

59.  Hanlon,  F.  M. ,  "Automatic  Fill  Valve,"  US  Patent  3.277,914,  11  Oct  66. 

60.  Boothe,  W.  A.,  "Liquid  Level  Control  Means,"  US  Patent  3,404,700,  8  Oct  68. 

61.  Kirchmier,  W.  0.,  "Liquid  Level  Controller,"  US  Patent  3,463,278,  26  Aug  69. 

62.  Jones,  D.  R. ,  "Liquid  Level  Sensor,"  US  Patent  3,467,122,  16  Sep  69. 

63.  O'Keefe,  Rovert  F.  and  Beeken,  Basil  B. ,  "Fluidic  Acoustic  Techniques 
for  Level  Detection  and  Control,"  Instrument  Society  of  America 
International  Conference  and  Exhibit,  1 5-18  Oct  73. 

64.  Shinn,  Jeffery  N.,  "Means  to  Control  the  Admission  of  Liquid  into  a 
Container,"  US  Patent  3,392,741,  16  Jul  68. 

65.  Hanaoka,  Hasanori,  "Liquid  Level  Controlling  Apparatus,"  US  Patent 
3,702,122,  7  Mov  72. 

66.  Hisada,  Takeo,  Nakajlma,  Fumio,  Nishi,  Takeshi  and  Suglyama,  Kunro 
"Liquid  Level  Detecting  Apparatus,"  US  Patent  3,680,579,  1  Aug  72. 

67.  Wilson,  J.  N.  and  Dumont,  R.  $.,  "Fluidic  Liquid  Level  Sensor,"  p  835, 
Instrument  Society  of  America  International  Conference  and  Exhibit, 

15-18  October  1973. 

68.  Meyer,  Arthur  Stivers,  "Multiple-Jet  Liquid  Level  Detector,"  US 
Patent  3,590,843,  6  July  1971. 

69.  Sowers,  Edwin  U.  Ill,  "Fluidic  Liquid  Level  Detector,"  US  Patent 
3,542,050,  24  November  1970. 


227 


70.  McKinnon,  M.  G.,  Wilton,  J.  N.  and  Besant,  R.  W. ,  "Fluidic  Position 
Sansor,"  US  Patant  3.690,33d*  12  Sap  72. 

71.  Klrshnar,  J.  M. ,  "Fluid  Thermometry,"  IEEE  Transactions  of  Industrial 
Electronics  and  Control  Instruraantation,  July  1969. 

72.  Klrshnar,  J.  H.  and  Katz,  S. ,  "Design  Thaory  of  Fluidic  Components," 
Academic  Press,  Jan  1979* 

73.  Haspart,  J.  K. ,  "Flueric  Sensor  for  RF-Induced  Currents  in  Bridge 
Wires,"  H0L-TM-69-5,  Harch  1969. 

74.  Zaginalloff,  Ralph  G.,  "Fiutdlc  Infrared  Sensing  Device,"  US  Patent 
3,598,136,  10  Aug  71. 

75.  Gottron,  Richard  N.  and  Gaylord,  Wilmar,  "Pneumatic  Thermometer," 

US  Patant  3,706,227,  19  Dec  72. 

76.  Carter,  Vondeit,  "Flueric  Temperature  Sensor,"  US  Patent  3,667,297, 

6  Jun  72. 

77.  Zoerb,  Edward  G.,  "Cooled  Temperature  Sensitive  Oscillator,"  US 
Patent  3,707,979,  2  Jan  73. 

78.  Bailey,  Ronald  G.,  "Fluidic  Sensor,"  US  Patent  3,587,603,  28  Jun  71. 

79.  Klrshnar,  J.  H. ,  "Fluerics  35-  Jet  Dynamics  and  Its  Application  to 
the  Beam-Deflection  Amplifier,"  HDl-TR-1630,  July  1973. 

80.  Sutton,  Trevor  G.  and  Chapin,  Donald  W. ,  "Fluidic  Characteristic 
Sensor,"  US  Patent  3,570,514,  16  Mar  71. 

81.  McMillan,  John  G.  and  Pamparin,  Ralph,  H.,  "Application  of  Fluidic  Sensors 
for  Measurement  of  Turbine  Inlet  Temperature,"  Automotive  Engineering 
Congress,  10-14  Jan  72,  S.A.E.  Number  720198. 

82.  Andreiev,  N. ,  "Fluidic  Oscillator  Measures  Flow,"  Control  Engineering, 
September  1973.  page  56. 

83.  Tippetts,  J.  R.,  Royle,  J.  K.  and  Ng,  H.  K. ,  "An  Oscillating  Bistable 
Fluid  Amplifier  for  Use  as  a  Flow  Meter,"  Proceedings  of  the  2nd 

I  FAC  Symposium  on  Fluidics,  28  Jun  -  02  Jul  71. 

84.  Vltlaroe],  Fernando  and  Woods,  Robert  L.,  "An  Analog  Fluaric  Concentra¬ 
tion  Sensor  Applicable  to  Respiratory  Gases,"  Paper  73~WR/Bio-9, 

ASME  Winter  Annual  Meeting,  11-15  Nov  73* 


228 


LIST  OF  FIGURES 


Figure  1  Possible  Pickoff  Positions  on  a  Beck  Pressure  Sensor 

Figure  2  Output  Pressure  vs  Seperetion  Distence 

Figure  3  Interrupted  Jet  Sensors 

Figure  4  Threed  (Smell  Object)  Sensor 

Figure  5  Pneumatic  Force  Trensducer 

Figure  6  Trensducer  Response  Curves 

Figure  7  Fluidic  Strein  Gege 

Figure  8  Fluidic  Strein  Gege 

Figure  9  Velocity  Sensor 

Figure  10  Angular  Position  Sensor 

Figure  11  Angular  Position  Coding  Wheel 

Figure  12  Fen  Type  Angular  Speed  Sensors 

Figure  13  Ancular  Speed  Sensors 

Figure  14  Vortex  Rate  Sensor 

Figure  15  Angle  of  Attack  Pickoff 

Figure  16  Pressure  Distribution  About  Pickoff 

Figure  17  Vortex  Rate  Sensor  with  Dual  Drain 

Figure  18  Plate  and  Pitot  Drain  Arrangement 

Figure  19  Vortex  Rate  Sensor  Oscillator 

Figure  20  Drive  Shaft  with  Vortex  Rate  Sensor 

Figure  21  Accelerometer  with  Fluidic  Output 

Figure  22  Fluidic  Accelerometer 

Figure  23  Vibrating  String  Accelerometer 

Figure  24  Pressure  Band  Detector 

Figure  25  Resistance  Cross-over  Pressure  Reference 

Figure  26  Intensity  as  a  Function  of  Distance 


Figure  27 
Figure  28 
Figure  2$ 


UST  OF  FIGURES  (CON'T) 

Capillary  and  Orifice  Resistors  In  Series 
External  Feedback  Oscillator 

Normalized  Frequency  $  as  a  function  of  the  Oscillator 
Parameter  Cy  *■ 


230 


...  -  --  .  •-« - - — .  .  ....... — -- 


PRESSURE  RATIO 


Interrupted  Jet  Sensors 


LOW 


Pneumat 


VALo- 


AP 

Pp 


al 

*-o 


-H-4£ 


■3.0  RUBBER 
■2.2  STEEL 


€“  POISSON'S  RATIO 


Fig.  7  Fluidic  Strain  Gage 


Fluidic  Strain  Cage 


VELOCITY  TO  BE 
MEASURED 


PRESSURE  DIFFERENCE 
INDICATOR  — 


Fig.  9  Velocity  Sensor 


TILTED  COLLAR 


- - SUPPLY 

_ _  TO  SIGNAL 

READOUT 

SHAFT 


Stnsor 


12  Fan  Type  Angular  Speed  Sensors 


GEAR  TYPE  ANGULAR  SPEED  SENSOR 


Illlllllllllllllll 


16  Pressure  Distribution  About 
Plckoff 


Fig.  2k  Pressure  Band  Detector 


o 


THE  FLUIDIC  ACOUSTIC  SENSOR 


Basil  B.  Beeken,  B.S.,  M.S.,  M.A.T., 

Yale  University 

Director,  Air  Controls  Research 
Automatic  Switch  Company 
Florham  Park,  New  Jersey 


ftoctiiog  page  blank 


261 


ABSTRACT 


A  fluidic  sonic  generator  utilizing  edgetone  principles 
and  a  sensor  dependent  upon  the  acoustic  disturbance  of 
laminar  flow  are  described.  How  the  two  components  are 
coupled  to  create  the  fluidic  analogy  to  the  photocell 
is  explained.  Various  system  configurations  along  with 
optional  characteristics  are  outlined.  Also  included  is 
a  discussion  of  target  resolutions  and  environmental 
influence . 


THE  FLUIDIC  ACOUSTIC  SENSOR 


Introduction 

It  has  been  known  for  nearly  a  century  that  a  free  laminar 
jet,  or  stream,  subjected  to  acoustic  perturbations  will 
become  turbulent.  Tyndall^  first  observed  this  in  1867  in 
his  so-called  "sensitive  flame"  experiments.  Later,  as 
reported  by  Rayleigh2,  he  used  smoke  for  a  visual  study  of 
the  stream  itself  and  correctly  interpreted  the  observed 
effects  as  a  result  of  turbulence  induced  by  the  acoustic 
waves  impinging  upon  the  stream.  The  first  U.S.  Patent 
on  a  device  utilizing  this  phenomenon  was  issued  to 
C.  Bell3  some  20  years  later.  Others  followed  subsequently. 

In  1962  Raymond  Auger^  of  the  U.S.  demonstrated  acoustic 
sensitivity  as  a  property  of  his  "turbulence  amplifiers". 

They  could  be  shut-off  (made  to  go  turbulent)  in  the  region 
of  o  khz.  This  incidentally  was  considered  at  the  time  as 
detrimental  to  their  use  as  control  devices  in  an  area  of 
high  level  machine  noise. 

R.  0'Keefe5  in  1967  described  a  "flow  mode"  device  utilizing 
laminar  stream  properties  for  use  as  a  fluidic  digital 
amplifier.  The  structure  of  this  device  lent  itself  to 
production  of  arrays  on  a  flat  sheet  and  has  since  become 
known  as  the  Flowboard  Amplifier™,  abbreviated  FB  Amplifier. 

This  unit  was  found  to  be  sensitive  only  to  a  narrow  band 
of  frequencies  well  above  the  audible  range  and  out  of  the 
normal  machine  noise  spectrum.  He  revealed  that  by  design, 
one  could  fix  the  range  of  frequencies  to  which  the  device 
was  most  sensitive.  That  is,  by  proper  variation  of  the 
geometry,  such  a  device  could  be  designed  to  response  to 
a  specified  narrow  band  of  frequencies.  It  is  this  device 
that  serves  as  the  sensing  element  of  the  fluidic  acoustic 
sensor. 

For  an  air  driven  acoustic  source,  various  types  were 
investigated  resulting  in  the  choice  of  an  edgetone  device. 

The  Sensor  (Sonl-Celver ) 

As  a  compromise  between  practical  considerations,  high 
sensitivity,  and  resolution  of  a  reasonably  small  target, 
the  region  of  50  khz  was  chosen  as  the  operating  frequency. 
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What  resulted  was  an  amplifier  of  similar  proportions  but 
only  1/4  the  size  of  the  Flowboard  Amplifier  (Figure  1). 

As  in  the  Flowboard  Amplifier,  the  long  narrow  emitter 
channel  serves  to  generate  the  parabolic  velocity  profile, 
which  provides  a  stable  jet  attached  to  the  upper  plate 
and  issuing  across  the  short  distance  of  the  interaction 
chamber  to  the  collector.  In  the  normally  stable  mode, 
the  collector  receives  a  substantial  portion  of  the 
stream  energy  and  is  registered  at  the  output.  When  the 
stability  of  the  jet  is  broken  down  by  a  control  jet  of 
lower  energy  in  the  complex  manner  described  by  R.  O'Keefe-?, 
relatively  little  energy  is  received  by  the  collector  and 
registered  at  the  output.  Utilized  as  an  acoustic  sensor, 
the  instability  is  caused  by  the  incident  acoustic  energy 
of  the  proper  frequency  directed  at  the  Jet  where  it 
issues  from  the  emitter.  A  small  aperture  in  the  bottom 
of  the  interaction  chamber  at  that  point  allows  for  the 
sound  entry.  The  exponential  horn  opening  out  through 
the  backside  of  the  block  containing  the  amplifier 
provides  for  efficient  transmission  of  the  acoustic  energy 
through  this  opening.  The  frequency  response  of  such  a 
device  (output  pressure  versus  frequency)  is  shown  in  the 
graph  of  Figure  2. 

Because  of  the  smaller  dimensions  of  the  element  Just 
described,  the  power  consumption  and,  therefore,  its 
output  is  substantially  lower  than  that  of  a  standard 
Flowboard,  (FB)  Amplifier.  However,  its  output  is 
sufficient  to  control  a  FB  Amplifier  at  the  same  supply 
pressure.  In  order  to  provide  a  package  with  a  high 
enough  level  for  fan-out  and  transmission  through  long  lines, 
a  standard  Flowboard  Amplifier  was  added  to  serve  as  a  stage 
of  amplification  for  this  purpose. 

The  photograph  of  Figure  3  shows  a  top  view  of  the  complete 
sensor  package  with  the  cover  plate  removed.  Figure  4 
shows  two  views  of  the  assembled  unit,  which  is  fabricated 
from  an  ABS  plastic  by  a  molding  process. 

In  order  to  prevent  contamination  of  the  sensing  element 
from  dust  and  oil  ingested  through  the  throat  of  the 
exponential  horn,  a  thin  mylar  window  (.00015  inches  thick) 
is  positioned  across  the  mouth  of  the  horn. 
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The  placement  Is  judiciously  chosen  to  insure  a  maximum 
standing  wave  ratio  on  the  sensor  side  of  the  window.  This 
results  in  an  optimum  coupling  across  the  membrane  with  a 
minimum  loss  of  acoustic  energy. 

The  Source  (Soni-Emitter ) 

For  reasons  outlined  by  B.  Beeken^  in  1968,  an  edgetone 
device  was  developed  for  use  as  the  acoustic  source. 

A  double  edge  is  oriented  in  the  stream  to  provide  a  push- 
pull  effect.  Open  ended  resonator  columns  are  used  in 
conjunction  with  the  edges  to  fix  the  frequency  at  the 
desired  value.  The  open  end  of  one  of  the  resonator  columns 
serves  as  the  emission  source  in  a  direction  laterial  to 
the  jet.  The  unit  is  represented  in  the  schematic  of 
Figure  5-  This  configuration  essentially  latches  the 
lateral  oscillation  of  the  jet  between  the  orifice  and 
the  edges,  somewhat,  like  a  taut  wire  vibrating  in  its 
fundamental  mode.  The  length  of  the  resonating  column  is, 
as  might  be  expected,  approximately  1/2  a  wave  length  less 
the  end  corrections.  The  output  intensity  at  one  end  of  the 
resonating  column  is  significantly  increased,  about  3  db,  by 
appropriately  reflecting  the  energy  from  the  end  of  the 
other  resonating  column  back  through  the  jet  and  in  phase 
with  the  emission  from  the  unblocked  column.  Figure  6  shows 
graphs  of  the  frequency  and  intensity  characteristics  of 
such  a  unit  with  a  .020  x  .040  inch  throat. 

The  Horn  System 

The  operating  frequency  of  a  fluidic  acoustic  source  is 
approximately  52  khz.  The  wave  length,  therefore,  is  about 
1/4  inch.  From  the  dimensions  given  in  the  schematic  of 
Figure  2,  the  emission  aperture  of  the  resonator  cavity  is 
roughly  equivalent  to  a  circular  cross-section  with  a 
diameter  of  approximately  1/4  of  a  wave  length. 

As  such,  it  turns  out  to  be  essentially  a  spherically 
radiating  point  source. 


Spherical  radiation  wastes  much  of  the  energy  lateral  to 
the  axis  of  the  generator.  Therefore,  a  perperly  designed 


conical  horn  section  was  appended  to  direct  more  of  the 
energy  along  the  axis.  For  a  52  khz  wave,  a  reasonable 
compromise  between  the  Ideal  and  practical  resulted  In  a 
horn  of  about  1  Inch  In  length  with  a  mouth  diameter  of 
2  wave  lengths  or  1/2  Inch.  This  provided  sufficient 
directivity  to  span  4  feet  and  actuate  the  sensor. 

Figure  7  reveals  the  internal  structure  of  the  acoustic 
source  with  the  horn  appended.  The  material  is  again  an 
ABS  molded  plastic. 

The  polar  plot  calculated  for  this  unit  is  shown  in  Figure  8 
along  with  that  actually  measured  for  comparison.  The  first 
side  lobe  is  down  about  18  db  and  is  a  factor  to  be  considered 
in  very  short  range  reflex  applications.  The  angular  beam 
width  at  the  3  db  points  is  approximately  30° • 

The  sensor  element  is  similarly  fitted  with  a  horn  to 
provide  an  antenna  gain  characteristic  along  the  axis 
of  the  system,  which  by  the  reciprocity  principle  is 
similar  to  the  emission  characteristics  of  the  generator. 

Figure  9  shows  the  ABS  plastic  components  of  the  system 
completely  assembled.  For  applications  in  industrial  en¬ 
vironments  where  protection  by  a  rugged  enclosure  is 
mandatory,  cast  aluminum  housings  are  provided  (Figure  10). 

Air  supply  and  signal  tubing  are  routed  through  standard 
electrical  type  sealtite  conduit  firmly  anchored  by 
standard  connectors  to  the  enclosure. 

Fluidic  Ear  as  a  Sensing  System 

What  has  been  developed  is  a  fluidic  sensor  with  no 
moving  parts.  An  acoustic  analog  to  the  photocell  or 
electric  eye,  the  terms  sonicell  or  Fluidic  Ear  have  been 
coined.  As  a  simple  presence  or  proximity  sensor,  it  may 
be  used  in  either  a  direct  or  reflex  mode  schematically 
represented  in  Figure  11a  and  b. 

In  the  direct  mode  when  an  acoustically  opaque  object  is 
placed  in  the  beam  from  the  generator,  the  acoustically 
sensitive  element  in  the  sensor  circuit  resumes  its 
normally  "on"  state  and  thus  turns  off  the  output  amplifier. 
The  spanning  range  in  this  mode  is  a  function  of  the  supply 
pressures,  both  common  and  separate,  as  seen  by  the  data  of 
Figures  12  and  13. 
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In  Figure  14  is  shown  the  supply  pressure  and  flow 
characteristics.  At  a  common  nominal  supply  pressure  of 
1.4  psig,  the  system  requires  about  1.4  watts  (Joules/ 
second)  to  operate.  Figure  15  shows  the  range  of  output 
pressures  available  from  the  device. 

For  the  reflex  mode,  a  suitable  reflecting  surface  positioned 
to  satisfy  the  law  of  reflection  will  deflect  the  acoustic 
energy  into  the  sensor  turning  the  output  amplifier  on. 
Figures  16  and  17  show  the  assembled  ABS  package  and  its 
rugged  industrial  enclosure,  respectively. 

Resolution  of  a  target  is,  of  course,  a  function  of  the 
wave  length.  It  turns  out,  empirically  for  this  system, 
that  the  minimum  for  any  dimension  of  the  obstructing 
target  can  be  no  less  than  four  wave  lengths  or  about 
1  inch.  For  effective  scattering  of  the  acoustic  energy 
and  reliable  actuation  of  the  sensor,  the  target  cross- 
section  should  be  no  less  than  about  1  square  inch. 

The  Paraboloid  System  and  Extended  Range 

The  span  limitation  of  the  system  described  above  is  due 
primarily  to  the  simple  acoustical  beaming  techniques 
employed  in  the  system.  The  conical  horns  used  have 
aperture  dimensions  of  only  two  wave  lengths,  and 
therefore,  the  spread  of  the  sound  energy  due  to  the 
beam  angle  is  significant.  The  loss  of  the  acoustic 
energy  lateral  to  the  axis  of  the  system  due  to  the 
beam  spread  is  what  contributes  significantly  to  the 
limited  spans. 

Since  the  band  in  which  the  sensor  is  most  sensitive  is 
centered  about  52  khz,  the  frequency  of  the  generator  must 
remain  fixed.  Improvement  of  the  directivity  (reduction 
of  beam  spread)  and  the  resulting  increase  in  span  can  only 
be  implemented  by  an  increase  in  the  radiation  aperture. 

For  the  reasons  outlined  by  B.Beeken?  in  1972,  a 
paraboloid  system  was  adopted. 

The  source  is  mounted  with  its  aperture  at  the  focal  point 
of  the  paraboloid  as  shown  in  Figure  l8a.  The  radiation 
pattern  measured  for  this  array  is  shown  in  Figure  19> 
along  with  that  calculated  theoretically,  assuming  a  point 
source  and,  therefore,  a  uniform  intensity  across  the  face 
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of  the  paraboloid.  Clearly,  considerable  Improvement  In 
directivity  and  side  lobe  suppression  was  achieved  In 
this  design. 

The  receiver  section  of  the  system  was  similarly  provided 
with  a  paraboloid  antenna  and  for  compactness  a  Cassegrain 
structure  was  adopted.  See  Figure  18b. 

The  Convex  secondary  reflector  re-dlrects  the  energy  back 
along  the  axis  through  the  aperture  at  the  vertex.  This 
aperture  Is  shadowed  by  the  secondary  and  constitutes  an 
unused  portion  of  the  paraboloid. 

The  secondary  reflector  Is  placed  so  that  Its  focal  length 
coincides  with  that  of  the  paraboloidal  reflector.  A 
flange  at  the  back  serves  nicely  as  a  mount  for  the 
receiver  horn  section.  The  energy  Is  thus  effectively 
focused  Into  the  sensor  unit. 

The  Production  Unit 


Rugged  cast  aluminum  housings  were  fabricated  Incorporating 
the  paraboloid  surfaces.  They  are  shown  In  the  photograph 
of  Figure  20.  Note  that  the  paraboloids  are  an  Integral 
part  of  the  housing.  The  wave  length  Involved  Is  about 
1/4"  so  that  the  rough  surfaces  of  the  paraboloids  are 
sufficiently  smooth  to  provide  a  near  perfect  acoustic 
reflecting  surface.  This  system  allows  for  spans  of  up 
to  16  feet. 

The  active  elements  of  the  paraboloid  system  are  the 
same  as  those  for  the  standard  horn  systems;  the  power 
consumption  remains  the  sama.  The  graphs  of  Figure  21  and 
22  reveal  the  span  dependence  on  supply  pressures. 

One  Implementation  of  the  parabolic  system  Is  In  Its  use 
as  an  Area  Coverage  Sensor.  A  curtain  of  50  khz  acoustic 
waves  Is  created  by  folding  the  3-inch  diameter  collimated 
beam  back  and  forth  using  a  sawtooth  array  of  45°  angle 
plane  reflectors  (Figure  23). 

The  Area  Coverage  Sensor,  thus  generated,  senses  the 
presence  of  objects  with  a  projected  area  of  at  least 
3  square  Inches  anywhere  within  the  area  covered. 
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For  applications  where  the  system  is  considered  for 
personnel  detection  as  a  safety  device,  monitoring  circuitry 
has  been  developed  which  provides  a  continuous  check  on  the 
sensor  to  assure  proper  function. 

Resolution  and  Environmental  Considerations 


For  wave  phenomena  the  resolution  of  the  object  under 
illumination  is  a  function  of  wave  length  alone.  System 
geometries  and  object  shapes  do  not  alter  this  basic 
principle.  Therefore,  there  is  a  minimum  specification 
for  target  cross-sectional  dimensions.  Empirically  it 
turns  out  that  the  acoustically  opaque  object  must  present 
at  least  the  equivalent  of  a  3«0  square  inch  cross-section, 
regardless  of  its  shape,  anywhere  across  the  3*0  square  inch 
diameter  collimated  beam. 

For  the  larger  spans  the  extent  to  which  cross  air  flows 
can  be  tolerated  must  be  considered.  Air  being  the  medium 
through  which  and  by  which  the  acoustic  energy  is  being 
transmitted,  its  displacement  cannot  be  more  than  that 
which  would  divert  the  beam  by  about  1/2  a  beam  width. 

For  a  uniform  velocity  at  90°  across  a  10  ft.  span,  this 
turns  out  to  be  approximately  14  ft. /second. 

Severe  temperature  gradients  in  a  direction  other  than  the 
direction  of  propagation  must  also  be  considered.  According 
to  Snell's  law,  refraction  of  waves  occurs  where  changes  in 
propagation  velocities  take  place  and  where  the  angle  of 
incidence  is  other  than  normal.  Since  the  velocity  of 
sound  in  air  is  proportional  to  the  square  root  of  the 
temperature,  a  temperature  gradient  oblique  to  the  direction 
of  propagation  can  cause  the  sound  beam  to  bend  or  refract. 

For  the  relatively  simple  case  of  a  uniform  temperature 
gradient,  normal  to  the  beam,  calculations  show  that  for 
the  beam  to  be  diverted  1/2  a  beam  width  in  a  10-foot  span, 
the  temperature  gradient  must  be  greater  than  6°F/foot. 
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INTRODUCTION 


The  vortex  rate  eeneor  has  now  been  under  development  for  approximately 
fifteen  years.  During  the  first  few  years  following  Its  conception, 
development  efforts  were  pointed  toward  defining  mathematical  models 
for  sensor  operation.  This  period  was  followed  by  experimental  models 
which  produced  data  showing  the  feasibility  of  the  basic  concept  and 
which  pointed  out  areas  of  needed  Improvement.  These  early  davalopment 
models  were  then  applied  to  a  variety  of  experimental  inertial  rate 
sensing  and  inertial  rate  damping  systems.  Some  were  a  success  and 
others  were  not.  Those  applications  which  were  successful  and  which  are 
still  strong  today  are  those  which  take  advantage  of  one  or  more  of 
the  following  strong  points  of  the  vortex  rate  sensor. 

•  High  reliability  (no  moving  parts) 

.  Operable  in  severe  environments  (vibration,  shock,  temperature  and  radiation), 
.  Fast  ready  time 

During  recent  years,  methods  of  fabrication  and  produclblllty  hava  been 
atressed.  At  the  present  time,  th*  vortex  rate  sensor  is  an  operational 
and  producible  inertial  rate  sensor  with  at  least  five  malor  areas  of 
application.  This  paper  pre«ents  *  description  of  present  vortex  rate 
sensor  deslgn.method  of  fabrication  and  level  of  performance  and  describes 
briefly  those  areas  of  application  which  show  significant  promise  in  the 
future. 


PRINCIPAL  OF  OPERATION 

The  vortex  rate  sensor  is  a  pure  fluid  device  that  sansas  angular  velocity 
about  its  input  axis  and  provides  a  fluid  signal  proportional  to  that 
velocity.  There  are  no  moving  parts  within  the  device  and  it  employs  a 
pattern  of  fluid  flow  to  sense  angular  rotation. 

The  three  basic  parts  of  the  vortex  rate  sensor  are  the  coupling  element,  the 
vortex  chamber,  and  the  signal  pickoff.  The  coupling  element,  the  vortex 
chamber,  the  signal  pickoff,  and  other  secondary  parts  are  shown  in  Figure  1. 
The  fluid  enters  through  the  inlet  and  disperses  around  the  annular  plenum 
chamber.  After  passing  through  the  coipllng  element,  fluid  flows  towards 
the  sink  outlet  and  the  pickoff.  In  some  designs,  as  shown  in  Figure  1,  a 
second  sink  outlet  is  added  to  increase  the  flow  through  the  sensor  thereby 
Increasing  sensor  response. 

The  rate  sensor  coupling  element  imparts  any  turning  motion  of  the  case  to 
the  fluid  flowing  through  the  coupling  element.  The  turning  motion  imparted 
to  the  fluid  is  amplified  by  free-vortex  action  a6  the  fluid  flows  inward 
toward  the  sink  outlets.  This  pattern  of  flowing  fluid  is  contained  within 
the  vortex  chamber  and  is  made  up  of  two  superimposed  flow  fields: 

.  A  "sink"  flow  field,  where  the  streamlines  are  radial  and  the 
flow  path  is  straight  to  the  center  outlet. 
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.  Superimposed  upon  the  sink  flow  field  is  e  rate-imposed 
tangential  flow  with  a  resulting  vortex  pattern. 

In  the  resulting  superimposed  flow  pattern,  the  atreasillnes  assume  a 
logarithmic  spiral  as  they  flow  towards  the  center  outlet. 

The  logarithmic  spiral  results  from  one  of  the  basic  principles  of  motion 
the  conservation  of  angular  momentum.  This  principle  states  that  the  total 
angular  momentum  of  a  body  about  an  axis  remains  constatn  in  the  absence 
of  restraining  forces.  Any  turning  rate  about  the  input  axis  of  the  vortex 
rate  sensor  imparts  a  tangential  velocity  component  at  the  outer  rim; 
to  the  already-present  radial  component. 

The  resulting  angular  momentum  is  conserved  as  the  fluid  is  drawn  towards 
the  center  outlet.  Therefore,  the  component  of  tangential  velocity  Increases 
to  a  maximum  at  the  outlet.  This  amplified  tangential  velocity  is  detected 
by  a  plckoff  in  the  outlet  sink  which  is  sensitive  only  to  the  tangential 
velocity  component. 

A  major  breakthrough  in  the  development  of  the  vortex  rate  sensor  was  the 
discovery  of  a  plckoff  which  accurately  sensed  the  magnitude  of  the  vortex 
action  without  generating  unwanted  "noise".  In  detail,  its  configuration  has 
changed  during  the  development  stages  of  the  vortex  rate  sensor,  however,  its 
basic  principle  of  opera  Lion  has  remained  Lite  aStue.  The  plckoff  Cons  lets  o'  An 
aerodynamic  surface  which  protrudes  into  the  flow  stream  in  one  of 
the  sink  outlets.  In  the  absence  of  case  rotation,  the  fluid  flow  over  the 
plckoff  is  at  zero  angle-of -attack.  With  an  input  turning  rate,  the  stream 
flows  over  the  aerodynamic  surface  at  some  angle-of-attack  proportional  to 
the  helix  angle  generated  at  the  coupling  element  by  the  case  turning  rate. 

This  angle-of-attack  produces  a  differential  pressure  across  the  airfoil, 
which  is  sensed  by  pressure  ports  located  in  the  wall  of  the  sink  tube  on 
opposite  sides  of  the  airfoil  near  the  leading  edge. 


VORTEX  RATE  SENSOR  THEORY 

In  most  rate  sensor  applications,  the  Important  performance  characteristics 
are  sensitivity,  accuracy,  and  response  time.  Performance  with  respect  to 
these  characteristics  depends  upon  several  parameters,  the  most  important 
being  the  dimensions  of  the  vortex  chamber  and  the  flow  rate  through  it. 

A  large  vortex  chamber,  a  small  outlet,  and  a  low  flow  rate  generally  result 
in  a  larger  and  more  stable  vortex  motion.  This  is  conducive  to  a  more 
sensltivo  and  accurate  output  signal.  However,  this  also  results  in  a  slow 
response,  for  the  response  time  of  the  vortex  rate  sensor  is  dependant  upon 
the  chamber  volume  and  flow  rate  through  it.  A  sensor  with  a  fast  responsa 
requires  a  small  chamber  volume  and  a  fast  flow  rate;  sensitivity  is 
sacrificed.  Because  accuracy  is  dependent  upon  the  size  of  the  sensor,  a 
tradeoff  is  generally  necessary  between  size  and  power  (flow  rate)  to  obtain 
the  best  compromise  between  accuracy  and  response.  The  tradeoffs  between 
the  parameters  of  flow  rate  and  sise  are  determined  by  the  application. 
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Mathematical  model*  for  a one  of  thaae  characteristics  have  bean  established 
allowing  accurate  prediction  of  device  performance.  Other  characteristics 
have  been  established  by  empirical  methods.  Tha  following  describes  the 
present  knowledge  in  this  area. 

The  basic  parameter  used  to  express  the  sensitivity  of  the  vortex  rate 
sensor  is  scale  factor.  The  following  aquation  defines  rat*  sensor 
scale  meter  for  the  presently  used  plckoff  design. 

s.  P.  -TU  Q?  — ^ -  *  io*4 

F  *i 


where 

S.  F.  “  Scale  factor  (psl/deg/sec) 

T)  ■  Correction  factor  for  viscous  effects 
p  *  Fluid  density  (slugs/ft3) 

Qp  -  Flow  rate  through  prlamry  sink  (CFS) 
kQ  ■  Coupling  inner  radius  (ft) 

■  Radius  of  sink  (ft) 

Tha  correction  factor  for  viscous  effects  or  viscous  efficiency  is: 


Ufi 


Where  the  viscous  pararater  03)  is: 

»  - 

12  vRoZ 

Qt  •  Total  flow  rate  through  sensor  (CFS) 

h  •  Flats  spacing  (ft) 

v  ■  Fluid  kinematic  viscosity  (ft^/sec) 

RQ  ■  Coupling  inner  radius  (ft) 

A  correction  factor  is  used  to  account  for  loading  effects  on  the 
plckoff. 


8.F.  (loaded)  -  S.F.  , 

i  ♦  (Ci/L/cpAp) 


298 


where: 


A^  *  Cross  sectional  area  of  load  orifice  or  port 

Ap  *  Cross-sectional  area  of  pickoff  port 

C^  •  Flow  coefficient  for  load  (approximately  0.65  for  orifice) 

Cp  ■  Flow  coefficient  for  pickoff  (approximately  0.35) 


Accuracy 

The  accuracy  of  the  vortex  sensor  is  described  by  three  parameters; 
threshold,  noise,  and  linearity.  Threshold  defines  the  minimum 
detectable  rate;  noise  defines  the  stability  of  the  output  signal;  and 
linearity  defines  the  deviation  of  the  output  from  a  nominal  scale 
factor  curve. 

These  parameters  cannot  be  described  theoretically  but  have  been  established 
from  a  large  amount  of  empirical  data.  They  are  not  amenable  to  theory 
because  they  depend  upon  the  stability  of  the  flow  pattern.  Turbulence¬ 
generating  flaws  such  as  sharp  edges  or  protrusions  on  the  coupling  or 
non-symmetric j  of  the  pickoff  cannot  be  predicted.  To  establish  a  reference 
point  for  determining  accuracy,  a  large  number  of  units  of  various  sizes 
hava  been  tested. 

Threshold  -  Threshold  of  the  VRS  is  limited  by  noise  and  the  capabilities  of  the 
pickoff.  The  minimum  swirl  rate  which  it  can  detact  is  the  limiting 
characteristic.  Therefore,  the  larger  the  coupling  diameter,  the  greater 
the  swirl  rate  and  the  lower  the  threshold.  Thresholds  of  less  thsn  0.1  deg/scc 
are  obtainable  with  present  sensor  designs. 

Noise  -  Random  perturbations  (noise)  develop  within  the  flow  pattern  at 
sharp- edges  or  protrusions  and  appear  in  the  output  signal  as  pressure 
fluctuations  whose  frequency  and  magnitude  are  both  random  in  nature. 

The  Reynolds  number  for  incompressible  fluids  and  Mach  number  for  compressible 
fluids  are  important  parameters  for  minimising  noise.  For  liquids, maintaining 
a  Reynolds  number  of  less  chan  4,000  in  the  outlet  sink  and  avoiding  cavitation 
reduces  fluctuations  due  to  large  scale  turbulence.  Maintaining  a  Mach  number 
less  than  one  for  gases  eliminates  fluctuations  due  to  the  development  or 
shock  waves. 

Linearity  -  Non-linear  rate  sensor  outputs  result  from  two  sources: 

1.  Nonsymmetries  in  the  physical  structure  of  the  device. 

2.  Inherent  saturation  of  the  pickoff. 

The  former  is  generally  the  limiting  characteristic.  The  most  critical 
area  for  minimizing  physical  non-symmetries  is  in  the  exit  and  pickoff 
region.  Maintaining  sharp  corners,  smooth  flow  surfaces,  and  symmetrical 
bore  and  pickoff  ports  is  of  prime  Importance.  With  reasonable  parts 
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control  a  linearity  of  ±31  it  possible 


/ 


Saturation  of  the  pickoff  is  reached  when  the  flow  angle  of  attack 
approaches  about  30  degrees.  Output  linearity  degradation  due  to  pickoff 
eaturation  occurs  at  about  1/2  the  fully  saturated  condition.  The  rate 
at  which  this  occurs  is  approximately: 

L.t.  *Qp  deg/aec 

T)V  *1 


Response  Time 

The  response  of  the  vortex  rate  sensor  is  approximately  a  simple  time 
delay.  The  time  delay  equals  the  emptying  time  for  the  sensor,  which 
is  the  ratio  of  the  vortex  chamber  volume  to  the  volumetric  flow  rate 
through  the  chamber: 

t  -  1T*o2h 

«t 

Where: 

t  •  time  response  (eec) 

*e  ■  coupling  Inner  radlua(ft) 
h  »  plate  apacing  (ft) 

Qfc  ■  total  flow  rate  through  sensor  (CFS) 

The  secondary  sink  provides  a  means  of  Increasing  the  total  flow  through 
the  sensor,  and  thereby  increasing  sensor  response,  without  exceeding  the 
priamry  sink  flow  limit.  This  primary  sink  flow  limit  would  normally  be 
sonic  velocity,  in  a  aensor  run  on  gas,  or  tha  critical  Reynolds  number 
for  the  onset  of  turbulent  flow  in  a  sensor  run  on  liquid.  Therefore, 
the  response  of  a  given  aensor  can  be  increased,  at  tha  expense  of  power 
flow,  by  increasing  the  size  of  the  secondary  sink.  A  practical  limit 
exists,  however,  at  a  secondary- to-prlm*ry  sink  flow  ratio  of  approximately 
three  to  one.  At  higher  flow  ratios,  the  large  flow  rate  through  the 
secondary  sink  causes  a  skewed  velocity  profile  in  the  vortex  chamber, 
which  prevents  further  increase  in  response  and  which  may  have  adverse 
effects  on  sensor  scale  factor. 
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SENSOR  DESIGN  AND  FABRICATION 


The  components  of  the  vortex  rate  sensor  are  (1)  the  housing  and 
manifold,  (2)  the  coupling  element,  (3)  the  pickoff,  (4)  the  null 
adjust  and  built-in-test  (BIT)  feature,  and  (5)  the  temperature 
compensation  section.  The  last  two  components  are  optional,  but 
they  are  now  frequently  included  in  the  sensor  design.  The  following 
is  a  description  of  these  components  and  the  method  of  fabrication. 

Housing  and  Manifold 

The  housing  normally  contains  the  supply  plenum,  the  upper  and  lower 
faces  of  the  vortex  chamber  and  the  secondary  sink  (if  one  is  included). 
The  manifold,  which  is  usually  an  Integral  part  of  the  sensor  housing, 
provides  power  to  the  supply  plenum,  collects  the  return  flow  from  the 
sensor  sink  (s)  and  brings  the  pickoff  signals  out  of  the  sensor.  As 
shown  in  Figure  2  the  housing  consists  of  two  pieces,  a  base  and  a 
cover.  In  the  design  of  Figure  2,  the  base  and  cover  are  machined 
from  aluminum  with  the  manifolding  drilled  and  O-ring  seals  used 
between  the  two  pieces. 

In  the  more  recent  design  shown  in  Figure  3,  the  cover  is  machined  with 
internal  porting  for  the  secondary  sink  flow.  The  base  is  a  plate  with 
the  manifolding  for  the  power,  the  return  flow  and  the  pickoff  signals 
fabricated  on  the  external  surface  using  rhe  elecfroform  conductive  wax 
(ECW)  process.  The  ECW  process  uses  a  baseplate  of  stainless  steel  on 
which  a  conductive  wax  positive,  in  the  shape  of  the  desired  manifold 
channels,  is  injection  molded.  Nickel  is  then  electroplated  onto  the 
wax  and  baseplate.  The  wax  is  then  removed  resulting  in  a  sealed  assembly. 
The  manifold  side  of  the  sensor  base  is  shown  in  Figure  4. 

Coupling  Element 

One  coupling  version  consists  of  a  cylinder  of  porous  material  placed 
inside  the  vortex  chamber  at  as  large  a  diameter  as  space  permits  (See 
Figure  1).  The  rotation  is  imparted  to  the  fluid  as  it  seeps  through  the 
fine  porous  passages  of  the  coupling.  Another  version  uses  a  stack  of 
equally  spaced"washers"  (See  Figure  3).  Coupling  is  provided  by  viscous 
drag  of  the  top  and  bottom  faces  of  the  washers  on  the  fluid  flowing 
between  them.  This  causes  exponential  decay  of  any  circumferential 
motion  relative  to  the  washers;  i.e.,  the  turning  rate  of  the  washers 
becomes  imposed  on  the  fluid. 

The  advantage  of  the  porous  coupling  is  that  it  can  be  used  in  very  small 
devices  and  still  provide  good  coupling.  The  advantage  of  the  washer 
coupling  is  that  it,  in  general,  has  lower  bias  and  random  noise.  The 
washer  coupling,  if  it  is  too  small,  or  if  the  flow  speed  through  it  is 
too  high,  may  not  couple  effectively.  This  latter  effect  has  not  been 
a  problem  in  the  general  c’ass  of  sensors  used  to-date,  and  therefore, 
the  washer  coupling  design  is  most  frequently  used. 


The  dealgn  of  a  typical  coupling  element  washer  la  shown  in  Figure  S. 
The  washer,  with  spacer  tabs,  is  chemically  etched  in  one  piece.  A 
number  of  these  elements  are  then  stacked  on  alignment  pins  (see  pins 
in  pickoff  of  Figure  3)  to  obtain  the  complete  coupling  element. 

Aanoted  earlier  under  Response  Time  the  response  of  the  vortex  rate 
sensor  is  dependent  on  the  vortex  chamber  volume  and,  therefore,  on 
the  coupling  element  inner  radius.  The  sensor  response  can  therefore 
be  characterized,  to  a  degree,  by  variation  in  the  inner  radius  of  the 
various  washers  within  the  coupling  element.  Figure  6  shows  one 
combination.  Half  of  the  coupling  element  has  a  constant  inner  radius, 
while  the  other  half  has  an  inner  radius  which  decreases  in  steps  to 
one  third  of  the  largest  value.  The  smaller  radius  washers  produce 
a  faster  response  and  lower  sensitivity. 

The  resultant  response  of  the  total  coupling  element  to  an  input 
turning  rate  is  somewhat  similar  to  that  produced  by  a  lag- lead 
dynamic  shaping  network. 


Pickoff 

The  signal  pickoff  includes  the  primary  sink  tube,  the  airfoil  and  the 
pressure  taps. 

Figure  7  shows  an  electroformed  pickoff.  The  base  for  the  pickoff 
and  entrance  to  the  outlet  sink  are  machined,  and  then  the  rest 
of  the  sink  hole,  the  airfoil  and  the  output  pickoff  ports  are 
formed  on  the  opposite  aide  of  the  pl»te  using  the  ECW  process. 

The  pre-electroformed  pickoff  of  Figure  I  Is  shown  in  Figure  8. 

A  slot,  which  divides  the  wax  cylinder  of  Figure  8  into  two 
halves,  results,  wtieh  electroplated,  in  the  airfoil  shown  at 
the  sink  exit  of  Figure  7. 


Figure  4  shows  another  electroformed  pickoff  design.  This  unit 
has  two  sets  of  pickoff  ports,  one  on  each  side  of  the  airfoil. 
These  pickoff  signals  are  summed  in  the  sensor  manifold  to  reduce 
the  output  Impedance  of  the  sensor. 
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Null  Adjust  and  Built-in-test 

Sensor  null  adjustment  and  test  signal  Is  accomplished  ul  'h  a  small  blade 
which  extends  into  the  vortex  chamber  downstream  of  the  coupling  element. 

By  turning  the  blade,  a  small  swirl,  in  either  direction,  can  be  imparted  to 
the  the  flow  which  can  be  used  to  null  the  sensor  output.  With  the  sensor 
nulled,  the  blade  is  locked  to  prevent  subsequent  variations.  A  test  signal 
can  be  introduced  by  rotating  the  blade  a  set  amount.  When  combined  with 
the  null  adjust,  a  second  lock  and  rotational  stop  is  provided  for  the  test 
feature , 

Temperature  Compensation 

In  most  applications  the  total  flow  through  the  rate  sensor  Is  held 
constant.  Therefore,  from  the  scale  factor  equation  it  can  be  seen  that 
change  in  scale  factor  with  change  in  fluid  temperature  occurs  due  to  a 
change  in  the  viscous  efficiency  (fl).  One  method  of  compensating  for 
this  change  in  viscous  efficiency  is  to  push  more  flow  past  the  plckoff 
when  the  viscous  efficiency  is  low  (high  fluid  viscosity)  and  less  when 
the  viscous  efficiency  .is  high.  This  is  accomplished  by  transferring 
flow  from  the  secondary  sink  to  the  primary  sink  as  the  fluid  viscosity 
increases.  A  stack  of  small  washers  (see  Figure  5). with  Integral  spacers, 
similar  to  the  coupling  ring?,  located  ar  rh*»  exit  and  in  series  with 
the  secondary  sink  hole.  These  form  a  viscous  resistor  which  produces 
the  desired  effect  of  transferring  flow  from  the  secondary  sink  to  the 
primary  or  pickoff  sink  as  the  fluid  viscosity  increases.  By  proper 
sizing  of  this  viscous  resistor,  the  rate  sensor  scale  factor  can  be  held 
relatively  constant  over  a  wide  fluid  temperature  range. 


SENSOR  PERFORMANCE 

The  performance  of  the  vortex  rate  sensor  will  depend,  to  a  significant 
degree,  on  the  sensor  design,  which  in  turn  is  based  on  the  sensor  application. 
The  following  data  is  not  meant  to  represent  the  limits  of  attainable 
performance  for  a  given  parameter.  It  does  represent,  however,  the  level 
of  overall  performance  obtainable  from  present  vortex  rate  sensors. 

Scale  Factor 

Figure  9  shows  a  scale  factor  curve  for  the  rate  sensor  of  Figure  2,  using 
MIL-H-5606  hydraulic  oil  as  the  operating  fluid.  The  data  in  Figure  10 
shows  the  variation  in  scale  factor  with  oil  temperature  and  flow  rate 
for  this  same  sensor.  The  sensor  has  both  a  primary  and  a  secondary  sink 
with  viscous  resistor  elements  in  the  secondary  sink  to  provide  scale 
factor  temperature  compensation. 

Figure  11  shows  scale  factor  versus  flow  rate  data  for  the  sensor  shown 
in  Figure  4.  This  data  is  for  MIL-H-5606  hydraulic  oil  at  120*F  and  180*F. 
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The  reduction  in  sensor  scale  factor  when  loaded  with  a  fluidic  amplifier 
having  control  port  dimensions  of  .025  in.  x  .025  in  is  also  she  n.  In 
this  case  the  loaded  scale  factor  is  42  percent  of  the  dead  ended  scale 
factor.  This  device  also  has  temperature  compensation  built  into  the 
secondary  sink,  however,  in  the  configuration  tested,  it  was  not  sufficient 
to  completely  eliminate  variation  in  scale  factor  with  change  in  oil 
temperature.  The  increasing  slope  of  the  scale  factor  versus  flow  rate 
curves  at  the  higher  flow  rates  is  due  to  an  increase  in  the  viscous 
•fficicncy  (T). 

Accuracy 

Figure  12  shows  data  for  two  parameters  effecting  sensor  accuracy,  noise 
and  null  shife.  The  data  is  for  the  sensor  shown  in  Figure  4  and  goes 
with  the  scale  factor  data  presented  in  Figure  11.  As  shown,  noise  in 
equivalent  degrees  per  second,  remains  approximately  constant  with  changes 
in  flow  rate  and  fluid  temperature,  which  means  that  the  pressure  fluctuation 
amplitude  increases  in  proportion  to  the  scale  factor.  The  maximum  Reynolds 
number  in  the  primary  or  pickoff  sink  for  the  two  curves  shown  is  approximately 
3000  <5.5  cis,  120°F)  and  4750  (5.5  els,  180'F).  It  should  be  noted  that 
the  data  is  plotted  as  a  function  of  total  sensor  flow.  At  the  5.5  cis,  180LF 
point,  the  primary  sink  flow  was  measured  at  1.8  cis. 

The  noise  data  presented  in  Figure  12  ie  for  s  frequency  spectrum  of  less 
than  approximately  20  Hz.  The  data  la  limited  to  this  frequency  range 
because  of  limitations  in  the  standard  pressure  measuring  irstrumentaion 
used  and  because  most  sensor  applications  have  response  limitations  of 
lass  then  20  Hz. 

When  u.ilng  a  liquid  as  the  operating  fluid,  as  is  the  case  with  the  data 
shown,  care  must  be  taken  to  eliminate  air  from  the  sensor  signal  lines  and 
from  t;ie  return  plenum  at  the  exit  of  the  sensor  sink  (s).  If  not  removed 
by  designing  the  sensor  lines  to  be  self  purging,  the  air  will  act  as  a 
capacitor  which  can  set  up  oscillations  or  cause  fluctuations  in  the  two 
output  ports  to  get  out  of  phase  and  thereby  produce  noise. 

The  null  shift  data  of  Figure  12  was  obtained  by  adjusting  the  sensor  null, 
using  the  null  adjust  blade,  at  2.0  cis  and  120°F,  and  then  recording  the 
sensor  null  at  the  other  flow  and  oil  temperature  conditions.  The  null 
shift  is  attributed  to  changes  in  the  flow  pattern  in  the  sensor. 

Response 

Figure  13  shows  frequency  response  curves  at  several  flow  rates  for  the 
aanaor  of  Figure  2.  This  unit  has  a  vortex  chamber  volume  of  approximately 
0.04  cubic  inches,  which  should  produce  a  sensor  delav  time  of  0.010  seconds 
or  90  degrees  phase  lag  at  25  Hz  with  a  total  sensor  flow  rate  of  4.0  cis. 

When  tested  in  the  normal  two  sink  configuration,  with  a  flow  split  of  1.5  cis 
through  the  primary  sink  and  2.5  cis  through  the  secondary  sink,  the  sensor 
exhibits  considerably  greater  phase  lag  (90s  lag  at  15  Hz).  Fart  of  this 
increased  lag  is  due  to  the  flow  split,  as  shown  by  the  response  curve  for 
4.0  cis  flow  rate  with  only  one  sink.  With  two  sinks,  and  particularly  when 
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a  high  proportion  of  the  flow  is  going  through  the  secondary  sink, 
the  signal  transmission  speed  across  the  vortex  chamber  to  the  pickoff 
is  reduced.  The  remainder  of  the  increase  in  phase  lag  is  attributed 
to  lags  in  the  sink  and  pickoff  region  of  the  sensor. 

Although  the  actual  sensor  response  does  vary  from  the  simplified 
theoretical  value,  sufficient  empirical  information  is  available 
to  design  a  sensor  to  meet  specific  response  requirements.  In 
cases  where  high  response  has  been  required,  such  as  the  ejection* 
seat  stabilization  application,  sensors  with  delay  times  of  less 
than  0.005  seconds  have  been  designed  and  successfully  tested. 


Reliability 

In  1967,  a  program  was  initiated  under  the  sponsorship  of  the  U.  S. 
Army  Air  Mobility  R&D  Laboratory  to  demonstrate  the  reliability  of 
various  fluidic  components.  During  this  program,  the  vortex  rate 
sensor  was  subjected  to  over  48,000  operating  hours  without  a  failure. 
The  test  was  conducted,  under  typical  MIL  spec,  operating  environments 
such  *s  10-micron  filtered  oil,  50-micron  filtered  oil,  -25*  to  +185*F 
temperature  variations,  and  0.5  to  2  g  vibration.  None  of  the  16  units 
tested  failed  the  life  test  either  by  a  catastrophic  failure  or  a  per¬ 
formance  degradation  failure,  where  rne  failure  criteria  was  based  on 
allowable  rate  sensor  performance  degradation  for  a  typical  aircraft 
stability  augmentation  system  application.  As  a  result  of  these  tests 
a  rate  sensor  MTBF  in  excess  of  48,000  hours  was  demonstrated  and  a 
predicted  rate  sensor  KTBF  of  100,000  hours  was  established. 


VORTEX  RATE  SENSOR  APPLICATIONS 

The  following  is  a  brief  description  of  the  major  areas  of  application 
for  the  vortex  rate  sensor  to  date. 


Aircraft  Flight  Controls 

The  most  common  area  of  application  for  the  vortex  rate  sensor  to  date 
has  been  in  aircraft  flight  controls,  where  it  is  the  prime  Inertial 
sensor  for  stability  augmentation. 

Fluidic  stability  augmentation  systems,  operstlng  on  hydraulic  oil  from 
the  aircrafts  power  supply,  have  accumulated  over  325  single-axis  flight 
hours  on  Army  OH-56A  and  UH- 1  type  helicopters  and  have  been  tested  on 
the  S-58  and  CH-54  helicopters.  A  number  of  systems  (14  two-axis  and 
12  single-axis)  are  presently  being  built  for  field  test  on  OH-58  and 
TH-57  helicopters,  and  additional  prototypes  are  being  built  for 
evaluation  on  Sikorsky's  UTTAS. 
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In  the  age  of  high  reliability  requirements  and  redundant  flight  control  systems, 
the  fluidic  SAS,  because  of  its  reliability,  offer*  advantages  as 
either  a  primary  or  a  backup  system. 


o 


Turret/Cupola  Stabilisation 

In  the  high  vibration  and  shock  environment  of  a  helicopter  gun  turret 
or  a  cupola /turret  of  a  ground  vehicle,  the  environmental  ruggedneaa 
of  the  vortex  rate  sensor  offers  significant  advantages.  In  early 
1974  a  two-axis  Inertial  rate  damping  system,  containing  two  vortex 
rate  sensors,  was  installed  on  the  XM-28  turret  of  the  AH-1G  helicopter, 
and  gun  fire  tests  were  successfully  conducted.  Under  another  program 
sponsored  by  the  U.S.  Army  Weapons  Coomand,  Rock  Island  Arsenal,  a 
single  axis  of  a  stabilization  system  for  the  cupola  of  an  armored 
personal  carrier  was  built  and  bench  tasted.  Both  of  these  areas  appear 
to  be  good  applications  for  use  of  the  vortex  rate  sensor. 


Election  Seat  Stabilization 

Where  fast  ready  time  la  required  of  a  stabilization  system, tha  vortex 

rate  nentiur  has  ihe  required  capability.  Feasibility  of  the  fluidic  control 
system  concept  for  ejection  seat  stabilization  was  demonstrated  in  tha 
flight  test  phase  of  the  control  system  development  program, ("Development 
of  a  Fluidic  Control  System  For  An  Aircraft  Ejection  Seat",  NADC  Contract 
K00156-71-C-0226).  The  vortex  rate  sensor  is  the  key  component  used  in  this 
fluidic  solution  to  the  ejection-seat  stabilization  problem. 


Sn*  APP*"i 

In  a  number  of  saflng  and  arming  systems,  inertial  angular  rate  is  tha 
controlling  parameter.  An  example  of  thla  is  the  case  where  a  vortax 
rate  switch  was  developed  and  a  number  of  units  were  fabricated  for  a 
missile  saflng  and  arming  application  under  contract  DA-28-017-AMC-1524(A) 
and  DAAA21-67-C-1111  for  the  U.S.  Army,  Plcetlnny  Arsenal.  The  rate 
switch  has  a  self-contained  gaseous  power  supply  and  produces  an  electrical 
switch  closure  at  a  preselected  roll  rate  of  the  missile.  It  has  satisfactorily 
attt  the  performance  requirements  of  >65  to  +160*F,  3%  .  vibration,  30g 
acceleration  and  I5g  shock. 


J££2 L  Sensor  Packages 

To  cover  other  applications  uhire  the  reliability,  anvlronaamtal  capability 
and  fast  ready  time  advantages  of  the  vortex  rate  sensor  can  be  utilised, 
fluidic  rate  sending  packages  are  available.  A  typical  two  axis  package 
contains  two  vortex  rate  sensors,  two  fluid lc-to-electric  transducers  and 
the  necessary  electronics  to  produce  a  electrical  output  signal  similar 
to  electromechanical  gyro  packages.  This  type  of  package  has  been  tested 
and  additional  development  is  in  progress. 
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CONCLUSIONS 


The  vortex  rate  sensor  has  reached  the  level  of  development  where  a 
sensor  can  be  designed  using  established  theory,  built  using  fabrication 
methods  compatible  with  production  and  integrated  into  a  control  system 
with  high  confidence  of  satisfactory  performance.  In  general,  the 
level  of  performance  attainable  from  present  state-of-the-art  sensors 
is  lower  than  that  which  can  be  c stained  from  conventional  electromechanical 
rate  gyros.  However,  the  vortex  rate  sensor  does  provide  superior  performance 
in  t*e  areas  of  reliability,  environmental  ruggedness  and  fast  ready  time. 

In  applications  such  as  aircraft  stability  augmentation,  gun  turret 
stabilization  and  safing  and  arming,  where  these  advantages  are  being 
utilized,  the  vortex  rate  eansor  shows  significant  promise. 

For  the  future,  increasing  advances  in  the  level  of  performance  of  the 
vortex  rate  sensor  are  visualized.  Smaller  sensors,  operating  from 
high  pressure  hydraulic  supplies,  will  be  more  easily  integrated  with 
power  control  equipment.  Lower  noise  and  null  shift,  resulting  from 
Improved  fabrication  and  packaging  techniques  should  open  additional 
areas  of  application. 
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Figure  1.  Cross-Section  of  Vortex  Rate  Sensor 
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Figure  9  Rate  Sensor  Gain 
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Figure  10  Rate  Sensor  Gain  versus  Temperature  and  Flow 
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SYMBOLS 


Aip#ct  ratio,  nossle  height/nossle  width 
Receiver  spacing 

Receiver  width 
Sotelo  width 

Virtual  origin  of  Schlichting  jot 

Tlao 


*  dlMctlm  velocity  of  .lollority  oolotloo  jot 
y  dlroctton  volocity  of  oUllorlt,  oolotloo  j,e 

*  direction  variable 
J  direction  variable 

deflection 

La*in*r  r#,i*tor  or  nottle  length 

Constant  for  calculating  virtual  origin  distance 

Constant  in  axiaymmetric  solution  output 

Speed  of  sound 

Kinematic  momentum 

Sensor  length 

Sensor  differential  preesure 
Pressure 


Plow  rate 

Reynolds  number  baeed  on 
Absolute  temperature,  *X 
Canterline  velocity  of  jet  at  no til.  .*it 
Canterline  velocity  of  Jet 
Specific  heat  ratio 
Similarity  variable 

Absolute  viscosity,  absolute  viscosity  at  T 


nossle  emit  velocity 


273*K 
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Subscripts 

a 

J 

o 

r 


x 

Superscripts 


Klneastlc  viscosity 
Angular  rate,  rad /sec 
Normalized  angular  rate,  uih/U^ 
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1. 


INTRODUCTION 


Development  of  fluidic  laminar  rate  aenaora  was  begun  approxi¬ 
mately  5  yeara  ago.  The  primary  companies  involved  in  this  effort  were 
General  Electric,  Hercules  Powder,  and  Northrop.  The  alms  of  these 
development  efforts  were  to  obtain  an  angular  rate  sensor  with  very  low 
noise,  low  power  consumption,  small  site  and  weight,  and  low  manufactur¬ 
ing  cost.  At  that  time  these  advantages  had  not  been  achieved  In  the 
vortex  type  sensors,  which  were  still  physically  large,  had  low  response, 
and  consumed  relatively  large  amounts  of  power.  The  threshold  sensing 
level,  although  not  of  inertial  quality,  was  projected  to  be  adequate 
for  the  applications  anticipated. 

The  primary  problem  with  the  laminar  jet  rate  sensor  is  the  low 
signal  output.  Early  designs  exhibited  outputs  an  order  of  magnitude  or 
more  below  that  of  a  vortex  rate  sensor.  More  recent  designs  [1]  exhibit 
much  higher  output  than  before,  but  still  have  to  be  amplified  with  three 
to  five  stages  of  proportional  amplification  to  achieve  useful  signal 
levels. 

The  laminar  jet  rate  sensor  senses  rotation  by  sensing  the  differ¬ 
ential  stagnation  pressure  across  two  receivers  as  the  receivers  rotate 
relative  to  the  jet.  The  jet  leaves  the  nozzle  and  continues  on  in 
inertial  space  (neglecting  gravity  and  second-order  effects)  while  the 
receivers  have  moved  through  an  angle  ut,  where  t  Is  the  time  taken  by 
the  jet  to  traverse  the  distance  from  the  nozzles  to  the  receiver.  The 
output  pressure  differential  is  a  linear  function  of  the  rate  of  rotation 
of  the  receivers.  This  is  shown  schematically  in  Figure  1. 


Figure  1.  Output  Pressure  Differential 
Aa  a  Direct  Function  of  the  Rate  of 
Rotation  of  the  Racelvers 


This  analysis  is  an  attempt  to  predict  the  effects  of  physical 
design  parameters  on  the  output  of  a  two-dimensional  laminar  jet 
rate  sensor. 
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An  analytic  of  this  type  was  attempted  by  Reader  at  al.  [2]  at  the 
beginning  of  the  General  Electric  Company '  a  rate  aenaor  development 
work.  He  used  Schllchtlng'a  [3]  aolution  for  a  free  jet  with  a  natch 
in  flow  rates  and/or  average  flow  velocity  (Q/A)  of  the  Schlichting  jet 
and  the  nozzle  flow  at  the  nozzle  exit.  Ualng  theae  criteria  and  a 
fully  developed  profile  In  the  nozzle,  he  derived  expreaaiona  for  the 
aoaentun  recovery  downatrean  of  the  nozzle.  The  differential  preaaure 
or  momentum  recovered  waa  calculated  aeauaing  the  relative  jet  deflec¬ 
tion  under  rotation  of  the  recelvera  to  be  that  of  the  centerline 
velocity  vector  under  the  Corlolla  acceleration  the  fluid  particles 
would  experience  In  traversing  the  flow  chanber  from  the  nozzles  to 
the  receivers.  The  values  used  assumed  psrabolic  profiles  both  in 
the  nozzle  and  receiver  and  averaged  their  contributions.  These 
results  were  compared  to  experimental  results  derived  from  aodel 
testing  and  are  shown  in  Figure  2. 

It  is  seen  that  Che  aodel  overpredicts  the  experiments  by  about 
a  factor  of  two.  However,  the  a‘  opes  (gain)  of  the  theoretical  and 
experimental  curves  appear  to  be  similar.  The  rate  sensor  tested  was 
not  optimized,  and  there  was  little  discussion  of  the  model  llnltatlons 
on  experimental  errors  which  would  explain  the  discrepancy  between 
theoretical  and  experimental  results.  The  nodal  did  predict  fairly 
accurately  the  measured  jet  centerline  deflection,  but  not  the  out¬ 
put. 


Recently,  Griffin  [4]  performed  analyses  and  experlsmnts  on  an 
axlsymnetrlc  sensor  also  using  Schlichting' s  axlsynaetrlc  free  jet 
solution,  but  used  the  centerline  velocity  at  the  nozzle  exit  to 
natch  the  similarity  solution  of  the  jet.  The  centerline  velocity  is 
again  obtained  by  assuming  fully  developed  laainar  flow  in  the  nozzle. 
His  analysis  neglects  any  jet  distortion  and  the  effects  of  the  density 
gradient  developed  across  the  jet  by  the  angular  acceleration,  and 
assusies  that  the  jet  deflection  is  determined  by  the  deflection  of  a 
uniform  stream  whose  velocity  decays  just  like  the  centerline  velocity 
of  the  Schlichting  jet.  Also,  his  analysis  underpredicted  optimum 
gain  for  pitot  type  receivers,  which  he  attributed  to  jet  spreading. 

This  analysis  follows  Griffin's  axlsyametrlc  analysis  and  rede¬ 
velops  It  for  a  2-D  sensor.  There  are  major  differences  In  the  actual 
flow  phenomena,  however,  so  that  departures  were  necessary.  The  effect 
of  aspect  ratio  (not  a  factor  In  a  straight  2-D  situation)  has  been 
shown  to  have  a  significant  Influence  on  sensor  output  In  recent  rate 
sensor  tests  [5].  These  data  were  not  available  for  comparison  to 
previous  analyses  to  determine  the  applicability  of  the  2-D  assumption. 

To  date  most  of  the  experimental  work  on  this  sensor  has  utilized 
nitrogen  as  a  working  fluid.  The  effects  of  using  different  fluids 
(both  liquid  and  gas)  have  not  been  fully  determined.  However,  changes 
In  temperature  and  ambient  pressure  have  been  found  to  affect  perfor¬ 
mance  adversely.  Thus,  an  effective  modeling  of  this  phenomenon  is 
needed. 
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Th«  General  Electric  Company,  under  contract  to  the  US  Any  Micelle 
Co— nd,  produced  e  roll  rate  control  system  which  could  be  utilised  In 
e  high  acceleration  projectile.  The  basic  aensor  for  this  ayatea  was  a 
planer  laalnar  jet  rate  sensor.  The  analysis  presented  herein  was  an 
attenpt  to  nodal  the  perforaance  of  this  sensor  with  the  elr  of  optimis¬ 
ing  the  design  and  to  determine  analytically  the  effects  of  temperature, 
ambient  pressure,  working  fluid,  and  geometry  on  sensor  output. 

To  keep  the  model  simple  and  to  be  able  to  use  existing  solutions 
to  the  Navler  Stokes  equations,  the  following  assumptions  were  made: 

(1)  Steady  state  operation  —  no  transients. 

(2)  The  effect  of  a  hydrostatic  density  gradient  due  to 
rotation  was  neglected. 

(3)  The  geometry  was  modeled  as  two  dimensional,  and  the 
wall  and  end  effects  were  neglected. 

(4)  The  jet  deflection  at  the  receivers  was  considered  to  be 
that  of  the  jet  centerline  (with  no  profile  distortion)  undergoing  a 
Coriolis  acceleration  relative  to  the  receiver  over  the  length  of  the 
sensor. 


(5)  Receiver  size  Is  small  enough  to  have  little  effect  on 
the  jet  profile. 

(6)  The  jet  remains  laminar  throughout. 

Examining  these  assumptions  In  turn,  the  restriction  to  steady 
state  operation  does  not  Invalidate  the  predicted  performance  under 
som  transient  conditions.  The  performance  predicted  does  not,  how¬ 
ever,  give  any  criteria  to  determine  when  transient  conditions  will 
break  down  the  jet.  Sosw  vibrational  measurements  have  been  made  on 
limited  geometries  [6]  and  seem  to  Indicate  that,  for  aspect  ratios 
>1,  limiting  the  nozzle  Reynolds  number  to  below  600  tended  to  prevent 
Instability  from  occurring.  Obviously,  the  closer  the  jet  is  to  tran¬ 
sition  Into  turbulence,  the  smaller  the  transient  Input  need  be  to 
cause  Instability. 

The  density  of  the  ambient  fluid  will  actually  vary  under  rotat¬ 
ion.  A  hydrostatic  pressure  gradient  will  set  up  a  density  gradient 
as  the  sensor  rotates.  Transient  acceleration  will  also  change  densi¬ 
ties.  The  effect  of  this  gradient  will  be  to  spread  and  distort  the 
jet.  The  analysis  neglects  this  effect  In  order  to  use  the  solution 
for  a  submerged  jet  In  a  nonrotating  media.  Tests  on  an  axisy—etrlc 
jet  [4]  show  that  the  jet  spreading  does  change  predicted  output. 

The  actual  planar  rate  sensors  presently  developed  are  not  two 
dimensional  in  their  geometry.  The  effects  of  the  boundary  layer  build¬ 
up  along  the  top  and  bottom  plates  can  have  a  significant  effect  on 
performance.  In  fact,  lowering  the  aspect  ratio  of  the  nozzle  (and 
sensor)  has  been  shown  to  greatly  Increase  performance  for  a  fixed 
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nozzle  Reynolds  number  end  e  particular  geometry  [1].  The  results  of  the 
present  analysis  should  be  applicable  to  nossles  with  aspect  ratios 
greater  than  one. 

Jet  distortion  will  be  a  function  of  the  actual  sensor  geometries, 
pressure  and  density  gradient,  effects  of  receiver  size,  vent  location, 
secondary  flows,  entrainment  flows,  etc.,  and  Is  hard  to  predict  In  a 
general  manner.  Actual  jet  profile  measurement  under  dynmic  conditions 
and  analysis  can  be  used  to  compare  vlth  the  assumed  profile  used  in  the 
solution  (Schllchting's).  Better  output  predictions  for  the  measured 
geometry  could  be  obtained  using  curve-fitted  profiles,  but  the  essential 
sensor  parameters  and  their  Influence  on  performance  at  other  design 
conditions  would  probably  not  be  shown.  Some  profile  measurements  are 
cited  In  (4],  [7],  [8],  and  [9]  that  are  close  to  the  one  assumed  In  this 
analysis,  so  the  prediction  should  give  the  right  trends. 

2.  DISCUSSION 


The  geometry  for  this  analysis  is  shown  In  Figure  3.  The 
dimension  s  Is  the  distance  of  the  virtual  origin  of  the  Schllchtlng  jet 
from  the  nozzle  exit.  The  two-dimensional  solution  of  the  laminar  jet 
spreading  Into  a  quiescent  fluid  assumes  that  fluid  Is  entrained,  and  the 
jet  spreads  at  such  a  rate  to  keep  the  momentum  flux  constant  with  dis¬ 
tance  downstream  of  the  virtual  origin.  The  acceleration  and  frictional 
terns  in  the  momentum  boundary  layer  equations  are  of  the  same  order. 

For  steady  flow,  the  solutlone  to  these  equations  yield  the  following 
relations  for  the  components  of  velocity  In  the  horizontal  and  vertical 
directions  (In  terms  of  the  above-defined  coordinate  system). 


where 


£  =  similarity  variable 


0.2752 


_ T_ 

(x  +  s) 


271 


(3) 


and 


K  =  p-  ■  kinematic  momentum 


u2dy  ■  constant 


(4) 


326 


If  ch«  nozzle  flow  Is  assuaed  to  b«  fully  developed  laalnar  flow 
(Folseuolle  flow),  a  parabolic  profile  results.  Using  Equation  (4)  and 
the  parabolic  profile 


u(y) 


»  ■ 

"•rf. 


(5) 


tbs  value  of  the  kineaatic  noaentua  K  becoaes 


r  ■  A  “l 


(6) 


where  Uj  is  the  aaxlaua  (centerline)  velocity  at  the  nozzle  exit. 
Under  these  conditions,  Equation  (1)  becoaes 


u  -  0.4543 


12/3 


/v(x  +  s) 


each2  C 


(7) 


and  the  slailarity  variable  is 


(&  ™;Y/3  Y 


571 


(8) 


For  a  uniform  profile  u(y)  -  Uj  ■  constant,  the  vslua  of  K  is 
hUj,  with  appropriate  aodlflcatlons  to  u  and  £. 
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Selection  of  the  proper  criteria  for  matching  the  similarity 
solution  profile  to  the  noisle  exit  flow  conditions  presente  a  problem, 
since  the  actual  nossle  profiles  will  not  coincide  with  the  Jet  spreading 
solution.  Karkland  and  Beatty  [7]  have  studied  matching  criteria  for 
axisyametrlc  jets  and  tabulated  values  for  pertinent  parameters  for  three 
types.  They  tabulated  values  for  flow  rate  match,  kinetic  energy  match, 
and  aero  radial  velocity  match  at  the  wall  for  both  uniform  and  parabolic 
profiles. 

A  fourth  matching  criterion,  that  of  centerline  velocity,  was  used 
In  Griffin's  analysis  and  was  discussed  by  Bell  [9].  This  criterion  and 
flow  rate  matching  were  chosen  for  this  analysis  to  attempt  to  match 
experimental  performance. 

Matching  the  centerline  velocity  of  the  noaale  exit  profile  and  the 

Schllchtlng  similarity  profile  at  *  \  q  (C  ■  0)  yields  an  expression  for 

the  virtual  origin  length  In  terms  of  the  fluid  properties,  velocity,  and 
nossle  width.  Defining  a  Reynolds  number  based  on  nossle  width  and 
centerline  velocity  at  the  nossle  exit 


and  substituting  u  »  Into  Equation  (7) 


yields 


-  <»  ™AtsV  [^ti] 


j-  -  0.02667  Re^  (10) 

If  the  flow  rate,  Q  •  pu(y)dy,  were  matched  at  the  nossle  exit, 

using  Equations  (5)  and  (7),  the  resulting  expression  for  the  virtual 
origin  is 


J  -  0.01543  Re^  (1] 

where  the  flow  Is  based  on  a  unit  depth  of  nossle.  Thus,  the  virtual 
origin  Is  proportional  to  the  nossle  width  and  Reynolds  number 


where  is  thr  proportionality  constant.  For  a  uniform  profile, 

*  0.0278  for  flow  rate  match  and  0.0938  for  centerline  velocity  match 
at  the  nozzle  exit. 


The  centerline  velocity  decay  Is  assumed  to  be  of  the  form 


U<t 


(12) 


which  satisfies  the  requirements  of  the  similarity  solution.  A  com¬ 
parison  plot  of  profile  matches  for  centerline  velocity  and  flow  rate  is 
shown  In  Figure  4. 

Jet  deflection  at  point  L  is  found  by  integrating  the  slope  of  the 
jet  centerline  from  nozzle  exit  to  L,  assuming  the  deflection  of  the  jet 
Is  the  same  as  that  of  a  "uniform"  jet  with  the  local  centerline  velocity 
of  the  similarity  stream;  that  Is, 


y  ” 


(13) 


The  question  arises  as  to  what  this  slope  is  for  the  above-assumed 
conditions.  Griffin  uses  the  argument  that  the  slope  relative  to  a 
reference  centerline  velocity  rotating  with  the  sensor  body  st  angular 
frequency  u  Is  made  up  of  two  parts,  one  due  to  the  physical  rotation 
or  relative  displacement  of  the  sensor  physical  centerline  during  time 
tx  and  the  other  due  to  the  relative  velocity  of  a  point  x  on  the  sensor 
centerline  with  respect  to  the  point  on  Inertial  space  with  which  it 
coincides  at  that  time.  Consequently,  the  slope  of  the  jet  centerline 
is  due  to  a  rotation  utx  of  the  sensor  and  an  angle  ux/U(^  due  to  the 
velocity  of  the  point  x  on  the  sensor  with  respect  to  Inertial  space* 


di 

dx 


■  U)T 


X 


(14) 


♦The  same  results  are  obtained  if  one  allows  the  sensor  to  rotate  with 
frequency  u>  and  the  jet  to  propagate  fixed  in  space,  writes  the  equations 
in  Inertial  space,  and  computes  the  relative  deflection  of  the  receivers, 
dy/dx.  The  slope  in  Equation  (14)  is  found  if  the  approximations  sin 
wt  sw  ut ,  cos  uit  «  1,  and  U<£  >>  ug  are  made.  These  approximations  ars 
valid  for  the  small  angular  deflections  considered  here. 
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Figure  4.  Schllehciag  Slalllarlty  Frofllua  tor 


Using  these  criteria,  the  Jet  transit  tlas  is  found  by  integrating 
over  tlae 


(13) 


(16) 


where  ■  t  at  x  ■  L. 

The  centerline  deflection  at  L  la  calculated  froa  Equation  (13) 

» •  |  (“T  +  ** m  “II  +  5j  I'i1*  if'3 


Integrating  the  second  part 

4T-«Tl  +  ^[f+(1+t)/ 

Coabining  and  substituting  for  T 


For  a  syasMtrlcal  profile  about  the  deflected  centerline,  the 
differential  pressure  In  the  receivers  is  approximately 

AP  *  2Ay  (18) 

where  P  is  the  dynaalc  pressure  in  the  Jet.  The  gredlent  is  evaluated 
et  Ay  froa  the  undeflected  Jet  centerline.  The  appropriate  point  (center 
of  receiver  or  off  center)  aay  be  determined  froa  experiment  to  com* 
pensate  for  Jet  spreedlng  not  accounted  for  in  the  analysis. 

Using  the  assumed  undlstorted  similarity  profile  froa  the  Schllchting 
solution 


P 


p02  POj  ••eh4  5 

2  "Fir 


(19) 
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Accusing  the  receiver  In  line  with  the  velocity  vector  0,  then 

PU? 


3p  .  ip  h  pui  r 
3y  3?  3y  "  ~ — trurv  **ch 

2(l + 1) 


C(-cech  C  tcnh 


From  Equction  (8) 


Lt 

1/3 

■ 

] 

V  ') 

a  ♦  .>l»  ' 0-22Mr 

l  +  CjhlU^J 

1 2/3 


C  -  0.2232  £ 
n 


2/3 


(20) 


(21) 


tFKi 

ZiVZ'llTUT  “lth  «*P*“  «•  V  •ub»tltutin$  into 


*P  ^  0.4464  pU*  aech4  £  tcnh  C 
^  «*#«•/  .  \4/3 


♦  i)‘ 

Ucing  Equations  (17),  (18),  and  (23)  yleldc 

AP  ■  4.289  C*  mu  aech4  C  tcnh  ?  Rej 


where 


B 


U  L  _  2  3 

4  ■  4  +  4 


in  terinc  of  the  paraaeter  L/c. 


(23) 


(24) 


(25c) 


(25b) 
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Normalising  this  expression  with  tha  nossla  maximum  jtt 


AP/pO* 

2 


8.578  Cj  ^  HSj  aech4  C  tanh  (6)  1 
8.578  C*  u'  Re*  sach4  C  tanh  (O  B 


(26) 


where  u*  =  uh/Uj  glvas  tha  approximate  normallsad  output  of  a  two-di¬ 
mensional  laminar  jat  rata  sansor  rotating  at  frequency  u.  This  express¬ 
ion  shows  ths  influence  of  the  geometric  variables  (nossla  width,  receiver 
distance  downstream,  or  receiver  spacing),  the  dynamic  variables  (nossla 
centerline  velocity  or  jet  momentum) ,  and  the  fluid  properties  (density  or 
viscosity) . 


The  temperature  dependence  of  this  expression  can  be  determined 
using  ideal  gas  relations  for  p(T)  and  empirical  expressions  for  u(T). 

Equation  (26)  may  be  maximised  with  respect  to  y  to  determine  an 
optimum  receiver  position.  Differentiating  it  with  respect  to  a  non- 
dimensional  dlatancs  y/h  will  yield  the  value  of  the  similarity  variable 
€  (hence  y)  for  maximum  output  itx*l  for  an  undlstorted  profile. 


-  4  aech4  K  tanh  C 


which  yields  6  ■  0.4812  for  maximum  output.  Receiver  position  for 
maximum  output  is  then 


^receiver  for  maximum  output  “  0.1918^  +  lj 

■  °-1518(c^h  ♦  l) 


2/3 


(27) 


The  maximum  output  for  the  sensor  esn  now  be  determined  as  a 
function  of  Reynolds  number,  angular  rate,  fluid  viscosity,  and  the 
parameter  L/h.  This  expression  is 


1.2276  C^uwRej 


(28) 


where  t^Re^h  indicates  the  virtual  origin  length  s. 
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A  plot  of  versus  L/h  for  various  values  of  sensor  nossle 

Reynolds  number  Is  shown  In  Figure  5.  This  figure  indicates  that  a 
larger  receiver  spacing  Is  necessary  for  operation  at  lower  Reynolds 
mabers .  This  is  consistent  with  the  fact  that  the  jet  will  spread 
■ore  when  It  has  a  lower  momentum,  thus  necessitating  pickoffs  at 
largar  apaclngs  for  the  saae  output.  The  effects  of  receiver  loading 
will  also  be  stronger  at  lower  Re^. 

The  expressions  developed  above,  although  algebraic,  are  somewhat 
cumbersome  to  examine  and  quickly  determine  qualitative  effects.  Some 
simplification  Is  possible  In  the  case  of  long  sensors  (L/s  »  1). 

If  one  Is  Interested  In  quickly  exsmining  the  effects  of  fluid 
properties,  temperature,  and  geometry,  on  output,  the  above  equations 
can  be  written  as  followr.  The  similarity  variable,  C,  can  be 
approximated  by 


w» 

and  the  optimum  receiver  spacing  by 

i  ■  *•*»  (*r 

Using  Equation  (16),  the  jet  transit  time  is 

T  .  1  _L  (ktn  .  Jl  (  L4  \1/3 

(L/s  »  1)  4  Uj  Vs/  4Uj  VCjRe^h/ 


(29) 


(30) 


(31) 


and  the  optimum  sensor  length  is 


L 

(L/s 


»  1) 


D  ,ui  (ci 


\ 


1/3' 


,3/4 


1.241 


Re^h 


where  is  the  sonic  velocity  at  temperatures  T, 
pressure,  and  y  is  the  specific  heat  ratio. 


PA  Is  the  ambient 


(32) 


Thus,  for  a  desired  response  time,  the  required  sensor  length  can 
be  determined  In  terms  of  the  nozzle  size  and  Reynolds  number  and  the 
fluid  properties.  A  similar  set  of  equations  developed  in  [4]  for  the 
axisymmetrlc  sensor  does  not  reflect  an  explicit  dependence  of  the 
sensor  length  on  nozzle  diameter  as  these  two-dimensional  results  In¬ 
dicate. 


The  optimum  receiver  locetion  may  be  written  in  terms  of  the  fluid 
properties  using  Equation  (12). 
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(33) 


*aax  output 
(L/e  »  1) 


where  tho  coofflclont  hat  th«  value  1.356  for  the  contorllno  velocity 
match.  Those  results  should  be  valid,  as  the  jet  similarity  solution 
assumes  that  the  profile  described  is  for  downstream  from  the  virtual 
origin. 
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Little  simplification  is  possible  for  the  sensor  output, 
mter  B  in  Equation  (25)  becomes 
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while  the  other  parameters  in  Equation  (28)  ramaln  the  same.  Hence,  the 
influence  of  Reynolds  number  on  output  is  not  lasssdiately  apparent. 
Maximum  output  is  still  a  function  of  Re.,  h,  L,  and  u>.  It  is  seen, 
however,  that  decreasing  the  nossle  sise^and  increasing  the  sensor 
length  for  fixed  Reynolds  number  increases  output,  but  that  there  will 
exist  an  optimum  Reynolds  number  for  maximum  output  with  a  fixed  geometry. 
These  results  are  counter  to  those  derived  for  axlsymmetrlc  long  sensors 
in  [4],  which  show  Increasing  output  with  Reynolds  numbsr.  The  finite 
sensor  axlsyatrlc  relations  do,  however,  exhibit  an  optimum  Reynolds 
nuaber  for  fixed  geometry. 

Examining  the  "long  chamber"  expressions,  it  is  seen  that  for  a 
fixed  transit  time  the  receiver  location  for  maximum  output  is  a  function 
only  of  the  fluid  properties,  a  result  that  also  applies  in  the 
axlsynetrlc  case.  The  transit  time  depends  upon  the  parameters  L,  Re, 
h,  and  Uj  as  shown  in  Equ/  cion  (31).  One  can  design  an  optimum  spacing 
for  a  desired  sensor  response  and  then  determine  the  operating  conditions 
and  L/h  to  achieve  this  response,  subject,  of  course,  to  the  restrictions 
of  the  model. 

Griffin's  analysis  of  an  axlsymMtrle  sensor  followed  similar 
reasoning  and  resulted  in  simpler  expressions  for  output.  Ha  found 
that  for  an  axlsymmetrlc  sensot 


where  C2  depends  upon  the  choice  of  the  value  of  the  similarity  variable 
€,  Dj  is  nossle  diameter,  end  s  is  the  virtual  origin  length,  the  value 
of  which  Griffin  quotes  as  3/80  RejDj .  A  value  of  1/32  RtjDj  is  found 
if  one  matches  the  maximum  velocity  at  the  exit  to  a  parabolic  profile 
developed  in  e  circular  tube. 
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A  comparison  of  Che  tvo-d imenslonal  results  and  chs  corrected 
axlsymmetrlc  values  is  shown  in  Figure  6  for  a  fixed  nossle  exit 
Reynolds  number  of  500.  For  one  value  of  L/h  (L/D^  in  axisymmetric  case), 

the  effect  of  varying  the  receiver  spacing  is  shown  for  both  cases.  Due 
to  the  difference  in  the  profiles,  the  axisyttric  gives  higher  output 
at  greater  spacing  than  the  two-dimensional  sensor,  but  lower  output  as 
the  spacing  narrows.  There  are  optimum  receiver  spaclngs  for  given  values 
of  the  Reynolds  number  and  L/h,  which  ar a  exemplified  by  Figure  5.  These 
optimum  values  are  of  course  different  for  each  type  of  sensor.  Both 
analyses  do  show  a  linear  dependence  of  output  on  angular  rata. 

3.  RESULTS 


a.  Analysis  Results 

Figures  7  through  9  show  normalized  output  performance 
predictions  versus  Reynolds  number  for  various  values  of  the  geometric 
parameters  y/h  and  L/h  and  the  angular  rata  parameter  w'.  These  curves 
are  plots  of  Equation  (26)  with  the  constant  C.  being  equal  to  0.02667, 
where  the  centerline  velocity  of  the  parabolic  profile  la  matched  at 
the  nozzle  exit  to  the  centerline  velocity  of  the  Schllchtlng  Jet.  The 
most  striking  feature  of  these  predictions  la  the  existence  of  an 
optimum  Reynolds  number  to  maximize  output  for  a  given  geometric  design. 
This  optimum  la  not  dependent  upon  u',  but  is  a  strong  function  of  both 
y/h  and  L/h. 

For  the  results  presented,  the  optimum  Reynolds  number  is  seen  to 
vary  from  100  in  Figure  7  to  over  1000  in  Figure  9. 

Figures  10  through  12  show  directly  the  sensor  output  versus  the 
jet  centerline  deflection.  Location  of  the  recalvers  at  tha  position 
of  the  curve  maximum  should  yield  the  greatest  output.  Tha  figures 
indicate  that  for  the  specific  geometry  depicted,  physically  achieving 
the  maximum  output  would  be  difficult,  as  the  positions  are  very  close 
to  the  centerline  and  the  receivers  would  have  to  be  very  small.  This 
would  create  manufacturing  difficulties  and  would  limit  tha  amount  of 
power  (flow)  transmitted  through  the  output.  Designing  for  the  optimum 
region  would  make  repeatlblllty  extremely  difficult.  Present  designs 
have  receiver  spaclngs ~0. 015  to  0.060  inch,  where  the  output  is  such 
reduced,  but  are  fairly  insensitive  to  manufacturing  tolerances. 

Figure  13  and  14  exhibit  actual  output  differential  values  versus 
Reynolds  number  for  the  centerline  velocity  match  case.  The  basic 
difference  between  these  figures  is  the  parameter  y/h.  Decreasing 
this  value  from  1.5  to  1.0  moves  tha  optimum  Reynolds  number  of  operation 
significantly.  The  design  in  Figure  14  is  substantially  better  than  that 
of  Figure  13,  aa  the  output  at  a  given  angular  rate  is  higher  and  the 
sensitivity  to  changes  in  supply  pressure  (which  changes  tha  nossle 
exit  Reynolds  number)  la  greatly  reduced  at  tha  optimum  Reynolds  number. 


(Sensor  Differencial  Output  Versus  Deflection) 
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(Seneor  Differential  Output  Vereus  Defli 


Versus  Re  (Sensor  Differential  Output  Versus  Reynolds  Nusiber) 


Figures  15  and  16  exhibit  the  linear  dependence  of  differential 
output  on  angular  rate.  A  mixture  of  L/h  and  y/h  ratios  is  shown  to 
illustrate  some  typical  tradeoffs.  These  data  are  for  air  at  300*K. 

For  tha  geometry  in  Figure  15  the  output  increases  with  Reynolds 
number*  while  In  Figure  16  the  maximum  output  becomes  reduced  above 
a  Reynolds  number  of  500. 

b.  Comparison  to  Experiment 

Experimental  data  taken  to  date  on  the  actual  profiles 
of  s  rotsting  sensor  have  been  restricted  to  only  a  few  geometries. 
Griffin  and  Coultas  [4]  measured  some  profiles  in  the  long  (L  *  1.38 
inches)  axlsymmetrlc  sensor,  which  agreed  fairly  well  with  Schllchtlng's 
solution  with  the  exception  that  the  centerline  velocity  was  approxi¬ 
mately  20X  lower  than  predicted.  The  measured  sensor  output  agreed 
with  their  axlsymetrlc  prediction,  but  this  was  attributed  to  com¬ 
pensating  errors,  an  Increase  in  output  due  to  jet  spreading  and  a 
decrease  due  to  the  inefficient  plckoff  (flat  plate  receiver).  The 
rederived  results  of  the  axlsymsmtrlc  analysis  do  give  higher  output 
predictions  than  those  cited  in  Griffin's  paper.  The  actual  profile 
shapes  under  rotation  were  not  measured  directly  so  direct  comparison 
was  not  possible. 

Profile  measurements  of  nonrotating  axlsymmetrlc  laminar  jets 
have  also  been  reported  In  [8]  and  {9],  which  conform  to  Schllchtlng's 
solution. 

Data  on  planar  sensors  have  been  taken  on  long  nozzle  unit 
aspect  ratio  designs  (3),  and  more  recently  on  plug  nozzle  low  aspect 
ratio  (0.4,  0.6)  designs  (9).  Significant  gain  variations  are  ex¬ 
hibited  in  these  designs.  The  low  aspect  ratio  designs  can  be  operated 
at  higher  Reynolds  mashers  without  breaking  Into  turbulence  than  can 
the  long  nozzle  designs,  and  thereby  have  higher  gains. 

All  designs  had  side  vents  and  the  long  nozzle  designs  also  had 
center  vents.  The  effects  of  vent  receiver  Interactions  and  secondary 
flow  phenomena  are  Ignored  In  attempting  to  match  data.  However,  they 
could  cause  significant  profile  distortion  when  the  receivers  are 
blocked,  especially  under  transient  conditions.  The  long  nozzle  exit 
profiles  sre  considered  to  be  parabolic,  while  the  actual  profile  at 

the  exit  of  a  short  nozzle  (L  °°”**  —4)  will  fall  between  a  uniform 

and  a  parabolic  shape.  The  exact  shape  will  depend  upon  Inlet  pres¬ 
sure,  flow,  and  entrance  conditions.  The  matching  criteria  that  are 
the  most  appropriate  will  also  depend  upon  the  Initial  profile  shape. 

To  attempt  to  match  data  for  a  given  sensor,  ths  dimensions  must 
be  accurately  known.  This  analysis  has  shown  that  the  most  sensitive 
dimension  Is  the  receiver  inlet  evaluation  point  y.  For  recent  low 
aspect  ratio  sensor  designs,  the  splitter  at  the  receiver  protrudes 
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■o— what  into  the  flow.  A  normal  drawn  from  the  splitter  tip  to  the 
paeaafte  center  yields  a  value  of  y  approximately  30Z  leas  than  that 
found  if  the  passage  center  position  at  the  receiver  outside  wall  is 
selected.  If  the  former  position  is  selected  as  the  plckoff  point, 
the  low  aspect  ratio  data  of  [5]  can  be  approximated  by  matching  the 
centerline  velocity  using  the  nossle  width  as  the  appropriate  di¬ 
mension. 

Predictions  of  the  effect  of  aspect  ratio  on  sensor  output  were 
attempted  using  the  hydraulic  diameter  as  the  appropriate  dlimnsion 
in  the  calculation  of  Rej,  y/h,  and  L/h.  However,  the  results  con¬ 
sistently  underpredleted  the  experimental  data  by  a  factor  of  two. 

The  results  of  the  analysis  are  compared  with  experimental  data 
in  Figure  17.  The  best  gains  (highest  curve  slopes)  are  achieved  for 
the  low  aspect  ratio  designs,  since  higher  velocities  are  achievable 
without  transition  into  turbulence.  For  the  range  of  sensor  data 
available,  use  of  a  parabolic  profile  natch  at  the  nossle  exit  predicts 
tpnewhat  higher  gains,  because  the  predicted  profile  has  a  larger 
velocity  gradient  at  the  receivers.  The  data  in  [2]  and  [6]  (Curves 
1  and  2  in  Figure  17)  were  for  long  nossles  (L/h  >  20),  so  a  parabolic 
profile  is  appropriate. 

For  the  short  nossle  data  on  Alt  -  0.6  sensor,  the  experimental 
data  lie  between  curves  calculated  based  on  uniform  (Curve  3)  and 
parabolic  (Curve  6)  profiles,  using  centerline  velocity  as  the  matching 
criteria.  The  data  for  the  lowest  aspect  ratio  reported  (Curve  5, 

AR  ■  0.4)  are  matched  better  with  a  parabolic  profile.  The  uncertainty 
on  these  data  is  no  better  than  5Z,  primarily  because  of  uncertainty  in 
nossle  dimensions  and  drift  with  supply  pressure.  The  data  on  Curve  4 
[10]  showed  reduced  gain  compared  with  the  earlier  results,  but  ex¬ 
hibited  a  region  of  Reynolds  number  Insensitivity  which  is  a  trend 
predicted  by  this  analysis.  Apparently  the  reduced  wall  roughness  of 
this  design  (tltaniua  natal  etched)  results  in  reduced  wall  friction 
and  consequently  a  more  uniform  profile.  The  data  are  best  fit  with 
a  uniform  profile,  flow  rate  match,  being  overpredicted  ~30Z  by  the 
parabolic  profile,  centerline  velocity  match. 

It  is  seen  that  this  simplified,  tvo-diaenaional  analysis  can 
yield  predictions  on  obvious  three-dimensional  geometries  which  are 
substantiated  experimentally. 

4.  SUMMARY  AMD  CONCLUSIONS 


The  analysis  presented  in  this  paper,  although  simple,  pre¬ 
dicts  sensor  output  with  fair  accuracy  and  yields  some  basic  trends 
which  a  priori  would  be  hard  to  predict.  The  equations  depict  a 
linear  dependenca  of  output  on  angular  rata,  which  is  the  basis  for 
using  the  device  as  a  sensor.  The  more  significant  results,  however, 
are  the  verlatlons  in  maximum  output  as  a  function  of  L/h,  y/h,  and 
Raj.  For  some  geometries  the  variation  la  quite  marked  over  a  small 
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rang*  of  laj  valuta,  whlla  othara  ara  lnaanaltlva  to  Raj  changaa  and 
thua  ara  not  aa  aupply  praaaura  aanaltlva  (Figure  14).  Tba  analyaia 
ahova  that  aaaliai  thaoratlcal  output  would  ba  difficult  to  achiava 
phyaically,  aa  it  requires  vary  aaall  and  accurata  epacing  of  re- 
caivara  and  aaall  picfcoff  aixaa.  Tha  nodal  ia  alao  capable  of  da- 
tarnlnlng  tha  affacta  of  anviroaaantal  changaa,  and  can  ba  couplad 
with  taaparatura  coapanaatlon  analyaaa  to  predict  a  givan  technique' a 
affactivanaaa  in  atablliaing  output  during  anviroaaantal  changaa. 
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I.  INTRODUCTION 


During  the  past  few  years,  the  need  to  substantially  reduce  the  cost  of  guidance 
and  control  components,  without  sacrificing  performance,  has  been  a  main  for¬ 
cing  function  in  the  development  of  advanced  tactical  missile  systems.  The 
angular  rate  sensor  has  been  a  part  of  this  cost  reduction  thrust  because  con¬ 
ventional  angular  rate  sensors  (spring  restraint  gyros)  cost  between  $600  and 
$1000  per  unit  and  from  one  to  six  sensors  are  required  per  missile.  In  addition 
to  costs,  conventional  rate  gyros  have  inherent  design  limitations  such  as  moving 
mechanical  parts,  low  bandwidth,  large  size  and  weight,  large  input  power  and 
finite  spin-up  times.  New  techniques  of  sensing  angular  rate  are  presently  being 
investigated  in  an  attempt  to  obtain  low  cost  angular  rate  sensors.  Additional 
benefits  desired  from  any  new  angular  rate  sensor  are  no-moving-part  reliability 
and  environmental  hardness,  large  bandwidths,  small  size  and  weight,  low  input 
power  and  "instant-on".  One  rate  sensing  technique  which  has  demonstrated  its 
feasibility  to  be  manufactured  at  low  cost  and  which  has  all  of  the  desired  per¬ 
formance  features  listed  above  is  the  GE-RESD  Laminar  Angular  Rate  Sensor 
(LARS). 

GE-RESD  demonstrated  the  feasibility  of  the  LARS  in  1967.  Since  then,  three 
prototype  models  of  the  LARS  (with  linear  ranges  from  50  degrees/second  to  1000 
degrees  /second)  have  been  developed  under  contract  to  the  Naval  Air  Systems 
Command  (NASC)  under  the  technical  direction  of  Mr.  John  Burns.  Four  phases 
of  design,  development,  and  testing  effort  have  been  performed  during  this  period. 

Phase  I  was  composed  of  three  tasks  resulting  in  a  clearer  understanding  of  the 
design  factors  affecting  the  laminar  jet.  These  tasks  were: 

a.  Task  A  -  Supply  Nozzle  Design  -  The  analysis  and  design  activities 
centered  on  the  parameters  affecting  the  jet  stream  geometry  and 
stability. 

b.  Task  B  -  Vent  and  Receiver  Design  -  The  objective  was  to  improve 
the  performance  of  a  simple  open  loop  laminar  jet  rate  sensor  by  the 
application  of  techniques  to  isolate  the  laminar  jet  from  unwanted  ex¬ 
ternal  influences  and  increase  the  laminar  jet  rate  sensor  sensitivity 
to  spatial  angular  rate. 

c.  Task  C  -  Test  and  Evaluation  -  The  object  was  to  perform  functional 
and  selected  environmental  tests  on  selected  rate  sensor  designs. 

The  results  of  the  Phase  I  Feasibility  Investigation  of  a  Laminar  Angular  Rate 
Sensor  (LARS)  are  presented  in  GE-RESD  Document  No.  69SD698. 

Phase  n  was  composed  of  five  tasks  which  resulted  in  the  fabrication  and  testing 
of  a  selected  laminar  rate  sensor  design. 
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a.  Task  A  -  Performance  Design  Goala  -  The  objective  of  this  task  was 
to  establish  the  performance  design  goals  by  selecting  a  suitable  appli¬ 
cation  for  the  laminar  rate  sensor.  The  design  was  then  optimised  with 
respect  to  the  requirements  of  the  application.  Inoluded  in  this  task  was 
the  optimization  of  other  design  goals  which  were  not  intrinsically  con¬ 
nected  with  the  selected  application  but  deemed  essential  to  a  component 
of  this  type. 

b.  Task  B  -  Scaling  and  Optimization  -  In  this  task,  an  analytical  inves¬ 
tigation  was  made  to  determine  the  effect  of  geometry  changes  on  LAE  Li 
performance. 

c.  Task  C  -  Overall  Design  -  The  objective  of  this  task  was  to  choose  a 
material  for  flight  hardware  and  design  the  equipment  needed  during 
Task  E  of  this  program. 

d.  Task  D  -  Detail  Design  -  In  this  task,  an  analysis  was  performed  to 
determine  the  optimum  geometries  required  to  satisfy  the  performance 
design  goals  established  in  Task  A  of  this  program. 

e.  Task  E  -  Fabrication  and  Testing  -  The  objective  of  this  task  was  to 
fabricate  the  laminar  rate  sensor  out  of  chemically  etched  laminates 
and  to  assemble  these  laminates  for  test  and  evaluation.  Testing  of  the 
LARS  included  the  following: 


Functional  Tests 

Environmental  Tests 

1. 

Threshold 

1. 

Temperature 

2. 

Range 

2. 

Vibration 

3. 

Frequency  response 

3. 

Acceleration 

4. 

Transport  lag 

4. 

Noise 

5. 

Power  and  flow  consumption 

5. 

Shock 

Due  to  the  very  low  pressure  differentials  Involved,  this  last  task  included  the 
simultaneous  development  of  testing  procedures  and  instrumentation  requirements. 

The  results  of  the  Phase  n  Feasibility  Investigation  of  a  Laminar  Angular  Rate 
Sensor  (LARS)  are  presented  in  GE-RESD  Document  No.  70SD788. 

Phase  in  was  composed  of  five  tasks  which  resulted  in  hard  test  data  which  sub¬ 
stantiated  the  theoretical  inclusions  drawn  from  the  earlier  efforts. 

a.  Task  A  -  Detailed  Performance  Studies  -  The  objective  of  this  task 
was  to  perform  static  and  dynamic  testing  of  the  rate  sensor  with  three 
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stages  of  fluidic  amplifiers  cascaded  in  series  and  with  all  components 
centrally  supplied. 

b.  Task  B  -  Sensitivity  Studies  -  This  task  addressed  itself  to  the  effects 
of  supply  pressure  and  temperature. 

c.  Task  C  -  Noise  Investigation  -  The  objective  of  this  task  was  to  de¬ 
velop  the  pressure  manifolds  first  used  in  the  Phase  II. 

d.  Task  D  -  Vibration  and  Shock  Testing  -  Under  this  task,  the  rate  sen¬ 
sor  was  subjected  to  a  vibration  test  per  MIL-STD-310B  and  a  high  g 

(>  12,000  g)  shock  test,  non-operational. 

e.  Task  E  -  Analysis  and  Critique  -  The  objective  of  this  task  was  to 
analyze  the  test  data  generated  during  the  Phase  m  effort  and  to  recom¬ 
mend  main  objectives  for  a  Phase  IV  effort. 

At  the  conclusion  of  this  effort,  several  questions  still  remained  which  were: 

1.  What  is  the  minimum  scale  factor  required  from  the  LARS  to  make  it  a 
usable  devise  in  a  fluidic  system? 

2.  Can  the  above  scale  factor  be  obtained  by  a  redesign  of  the  basic  rate 
sensor  and/or  a  redesign  of  the  gain  block  amplifier? 

3.  Can  more  amplifiers  be  added  to  the  gain  block  to  increase  the  scale 
factor?  If  so,  what  effect  will  this  have  on  signal  to  noise  level,  null 
shift,  transport  lag,  frequency  response,  and  ease  of  fabrication. 

4.  How  will  the  LARS  perform  in  the  anticipated  service  environments  of: 

1)  temperature,  2)  shock,  3)  vibration,  and  4)  angular  and  linear 
acceleration  ? 

The  results  of  the  Phase  III  Feasibility  Investigation  of  a  Laminar  Angular  Rate 
Sensor  (LARS)  are  presented  in  GE-RESD  Document  No.  71-SD-2118. 

Phase  IV  was  a  comprehensive  program  comprised  of  three  main  taks.  These 
tasks  were  designed  to  provide  answers  to  the  four  questions  from  Phase  m. 

The  tasks  were: 

•  Task  A  -  Laminar  Amplifier  Development 

•  Task  B  -  Staging  Techniques 

•  Task  C  -  Rate  Sensor  -  Gain  Block  Optimization 

In  Task  A,  a  determination  was  made  of  the  required  scale  factor  (Question  1)  and 
a  new  high  pressure  gain  laminar  amplifier,  based  on  the  NASA  Langley  design,  was 
developed.  (Question  2)  Based  on  the  evaluation  of  the  LARS  as  used  in  four  fluidic 
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control  systems,  It  «u  found  that  the  aoale  factor  of  the  Phaae  m  LABS  should 
be  increased  by  100  to  1000  times.  During  Task  B,  several  different  staged 
amplifier  configurations  were  tested  to  determine  the  performance  of  the  vari¬ 
ous  staged  gain  blocks  (Question  S).  Task  C  was  to  improve  the  basic  rate 
sensor  design  (Question  2),  if  possible,  and  to  determine  the  operating  charac¬ 
teristics  and  performance  of  the  rate  sensor  and  gain  bloek  combination  (Question 
4).  This  test  data  would  allow  an  evaluation  of  the  feasibility  of  the  LARS  when 
used  in  actual  oontrol  systems. 


n.  PHASE  I  RESULTS 

II-l.  TASK  A  -  SUPPLY  NOZZLE  DESIGN 

At  tho  start  of  this  effort,  the  criterion  of  success  used  was  that  the  best  supply 
nozzle  design  would  be  the  one  that  would  provide  the  maximum  Reynolds  Num¬ 
ber  for  stable  laminar  flow  conditions.  This  criterion  was  selected  for  two 
reasons: 

1.  It  was  felt  that  the  more  stable  the  laminar  Jet  the  less  sensitive  it 
would  be  to  unwanted  external  disturbances. 

2.  The  highest  Reynolds  Number  would  give  the  highest  laminar  Jet  veloc¬ 
ity.  The  higher  jet  velocity  would  allow  the  receiver  to  be  located 
further  downstream  for  a  given  dynamic  pressure  recovery.  The  fur¬ 
ther  downstream  the  receiver,  the  more  the  laminar  jet  would  be  de¬ 
flected  at  the  receiver  for  a  given  angular  rate  input  and,  therefore, 
the  better  the  sensitivity  and  scale  factor  of  the  sensor. 

In  order  to  determine  laminar  flow  conditions  for  the  various  nozzle  designs, 
water  table  and  large  scale  air  models  were  constructed. 

Water  Models 

The  use  of  submerged  water  models  was  particularly  helpful  in  the  investigation 
of  supply  nozzle  design  and  interaction  cavity  design.  Figure  1  is  a  photograph 
of  the  experimental  apparatus  used  for  testing  submerged  water  models,  and 
Figure  2  is  a  detailed  photograph  of  a  typical  model.  The  experimental  proce¬ 
dure  used  for  submerged  models  is  as  follows: 

a.  The  channel  width  is  set  with  the  dial  gauge  adjuster. 

b.  The  ambient  flow  conditions  are  adjusted  and  recorded. 

c.  A  homogenized  mixture  of  dye  is  run  through  the  precision  flow  meters 
into  the  model . 

d.  The  flow  from  the  model  is  then  observed  at  an  arbitrary  distance  (4 
nozzle  widths  from  the  channel  exit). 

e.  The  flow  is  gradually  increased  until  unsteady  flow  exists  at  the  arbi¬ 
trary  observation  point, 

f.  The  critical  Reynolds  Number  for  this  point  is  then  calculated  and 
recorded. 


o 

o 
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Witt  respect  to  supply  nozzle  design,  there  are  six  areas  of  consideration  that 
were  tested  using  submerged  models.  They  are  as  follows: 

1.  Inlet  configuration 

2.  Length  of  nozzle 

3.  Convergence  -  divergence 

4.  Aspect  ratio 

5.  Surface  finish 

6.  Outlet  Configuration 

Several  experiments  were  conducted  on  the  open  water  table  to  further  investi¬ 
gate  the  supply  nozzle  design.  Dye  was  injected  in  a  uniform  maimer  at  the  in¬ 
let  of  the  channel  to  increase  visualization  of  streamlines.  The  exit  of  the  chan¬ 
nel  was  then  observed  for  the  formation  of  unsteady  flow  patterns. 

Although  a  great  deal  of  visibility  was  achieved  by  using  open  water  models, 
some  accuracy  Is  lost  in  determining  critical  Reynolds  Number  values.  The 
reason  for  the  decrease  in  accuracy  Is  that  no  convenient  technique  for  deter¬ 
mining  the  mean  stream  velocity  (necessary  for  calculating  Reynolds  Number) 
is  known;  therefore,  higher  reliability  was  placed  on  submerged  water  model 
testing  because  the  actual  flow  through  the  model  could  be  determined  by  pre¬ 
cision  flow  meters. 

Air  Model  Experiments 


Although  it  was  possible  to  accurately  determine  flow  rate  using  submerged 
models,  there  was  still  an  uncertainty  error  in  the  observation  technique  of  de¬ 
termining  exactly  when  the  flow  became  unsteady.  Therefore,  air  model  ex¬ 
periments  were  conducted  in  which  flow  rates  and  pressure  losses  could  be 
accurately  determined  by  using  flow  meters  and  manometers.  Apparatus  for 
air  experiments  is  shown  in  Figure  3. 

The  first  type  of  air  experiment  was  done  with  pitot  tubes  placed  perpendicular 
to  the  free  stream  jet  flow.  An  increase  in  pitot  tube  reading  would  therefore 
indicate  velocity  components  in  orthogonal  directions  of  the  main  Jet.  This 
condition  constitutes  unsteady  flow.  Unfortunately,  even  at  very  high  flows, 
variations  in  pitot  tube  readings  were  so  sma.  that  they  weren't  detectable  using 
slant  manometers. 

Otter  air  experiments  were  performed  to  determine  the  channel  configuration 
which  would  provide  the  highest  critical  Reynolds  Number  within  the  channel. 

By  recording  and  plotting  pressure  loss  versus  flow  rate  on  log-log  paper,  a 
linear  curve  results  with  a  discontinuous  point  at  the  transition  point  of  steady 
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to  unsteady  flow.  Thid  discontinuity,  characterized  by  an  Increase  in  the  slope 
of  the  pressure  versus  flow  curve,  is  a  result  of  higher  viscous  losses  per  unit 
change  of  flow  in  the  unsteady  or  turbulent  flow  region.  However,  this  tech¬ 
nique  of  determining  the  transition  point  can  only  be  directly  applied  to  straight 
walled  channels  where  a  negative  linear  pressure  gradient  exists.  In  the  con¬ 
vergent  and  divergent  cases,  discontinuity  points  may  not  necessarily  indicate 
a  change  in  viscous  losses  but  also  kinetic  changes.  Another  problem  with  this 
technique  is  that  the  stability  is  based  on  flow  within  the  channel  and  not  on  flow 
development  after  the  flow  has  issued  from  die  nozzle  exit. 

Results 


The  experimental  data,  which  was  obtained  using  the  water  table  and  large  scale 
air  models,  showed  the  following  trends: 

1.  Inlet  Configuration  -  The  inlet  configuration  which  is  used  on  supply 
nozzles  longer  than  20  nozzle  widths  has  very  little  effect  on  the  criti¬ 
cal  Reynolds  Number.  However,  as  the  length  of  the  supply  nozzle  is 
decreased  towards  one  nozzle  width,  the  entrance  design  becomes 
more  important  with  a  light  bulb  shape  giving  the  highest  critical 
Reynolds  Number. 

2.  Length  of  Supply  Nozzle  -  The  following  relationship  was  determined 
between  supply  nozzle  length  and  critical  Reynolds  Number.  This 
relationship  was  experimentally  verified  for  supply  nozzle  lengths 
from  1  to  50  nozzle  widths. 

Nrcr  =  126  +5.7  (1/w)  -0. 008  (1/w)2 

Ndo_  =  Critical  Reynolds  Number 

L  3  Length  of  supply  nozzle  in  Inches 

w  «  Width  of  supply  nozzle  in  inches 

3.  Supply  Nozzle  Convergence  and  Divergence  -  Experimental  results 
showed  that  for  aspect  ratios  greater  than  0.25,  a  convergent  supply 
nozzle  with  a  slope  of  25  to  1  gave  the  highest  critical  Reynolds 
Number.  For  aspect  ratios  equal  to  or  less  than  0.25,  no  effect  was 
measured.  These  results  are  only  valid  for  slopes  from  zero  to  15 
to  1,  where  the  slope  is  defined  as 

W  -  W 

__2 _ 

L 


W  “  Entrance  width 
o 


367 


W  -  Exit  width 


1  »  Nozzle  length 

4.  Aepect  Ratio  -  Teet  remits  showed  that  for  aspeot  ratios  of  less  than 
3,  the  lower  die  aspect  ratio  the  higher  die  critical  Reynolds  Number 

5.  Surface  Finish  -  Remits  were  inconclusive  for  other  than  large  an* 
face  finish  roughnesses.  It  was  found  that  surface  roughness  of  25 
percent  or  greater  in  the  direction  of  flow  (not  from  top  to  bottom) 
caused  a  substantial  reduction  (>15  percent)  in  critical  Reynolds 
Number. 

6.  Power  Nozzle  Outlet  Configuration  -  Results  of  die  outlet  configura¬ 


tion  investigation  are  shown  in  Figure  4. 

0-2.  TASK  B  -  VENT  AND  RECEIVER  DESIGN 

An  analytical  description  on  the  operation  of  a  Laminar  Angular  Rate  Sensor 
(LARS)  has  been  given  in  a  previous  paper  and  is  also  presented  in  several  re¬ 
ports  which  Include  "Feasibility  Investigation  of  a  Laminar  Angular  Rate 
Sensor"  GE-RESD  Document  No.  693D698  and  "Analysis  of  a  Two-Dimensional 
Laminar  Rate  Sensor"  by  Dr.  Paul  Jacobs,  Amlcon  Report  RG-73-8.  The 
second  major  effort,  other  than  the  analytical  investigation,  was  to  confirm 
the  analytical  model  with  actual  test  data.  The  test  data  was  obtained  using 
both  water  table  models  and  actual  size  models  using  air  as  the  supply  medium. 

Tests  of  a  Submerged  Water  Model 

Description  of  Experiments  -  Tests  were  conducted  on  a  water  table  with  a  set¬ 
up  shown  in  Figure  5.  Hie  water  was  supplied  to  the  model  from  a  reservoir 
placed  at  a  constant  height  above  the  model  so  as  to  provide  a  constant  pressure 
to  the  system.  The  inlet  plenum  of  the  model  contains  three  successive  screens 
to  minimize  the  disturbances  at  the  supply  nozzle  due  to  the  inlet  piping. 

The  vents  and  the  receivers  were  vented  into  the  water  table  except  for  a  few 
cases  where  the  receivers  were  blocked. 

Hie  supply  flow-rate  was  controlled  by  a  hand  valve  and  the  temperature  in  the 
reservoir  was  measured. 


The  Reynolds  Number  at  the  flow  issuing  from  the  supply  nozzle  was  then  cal¬ 
culated  by  the  following  relation: 


•1  I 


Figure  5.  Water  Table  Setup  for  Submerged  Water  Model  Testing 


where 


D^  is  the  hydraulic  diameter  of  the  supply  nozzle  (in) 

2 

A  it  the  area  of  the  aupply  nozzle  (in  ) 

3 

Q  is  the  flow  rate  measured  at  the  supply  line  to  the  model  (in  /sec) 
and 

y  is  the  kinematic  viscosity  of  the  water  at  the  measured  temperature 

(inf/sec) 

The  experimental  procedure  used  during  the  tests  was  as  follows: 

a.  A  steady  flow  and  temperature  were  set  at  the  supply  nozzle. 

b.  Dye  was  then  injected  into  the  inlet  plenum. 

c.  Two  pictured  were  taken  when  the  dye  leaves  the  supply  nozzle  and 
when  it  enters  the  receivers,  labeled  A  and  B,  respectively. 

d.  A  third  picture,  labeled  C,  was  taken  after  the  dye  had  been  spread 
throughout  die  interaction  cavity. 

e.  For  special  cases  where  disturbances  were  introduced  near  the  vents, 
a  few  more  pictures  were  taken. 

f.  Dye  was  also  injected  close  to  the  exit  of  the  supply  nozzle  and  by  the 
receivers,  in  some  cases,  to  clarify  the  vortex  formation  at  these 
points. 


The  above  procedure  was  carried  out  for  two  types  of  shapes  as  shown  in  Figure 
6,  Shapes  land  II  were  tested  with  an  aspect  ratio  of  unity  and  2.  Shape  n  was 
also  tested  with  a  deep  Interaction  cavity  having  an  aspect  ratio  of  3  while  keep¬ 
ing  the  supply  nozzle  and  the  receivers  at  an  aspect  ratio  of  unity. 

Model  Design  -  The  experiments  were  carried  out  on  a  water  table  with  a  model 
that  had  been  enlarged  by  a  scale  factor  of  12. 5  over  the  anticipated  actual  size 
LARS. 
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The  dimensions  of  the  model  are  as  follows: 


Model  Dimension  (Inches! 


Nozzle  width  (h) 

0.25 

Receiver  width  (d) 

0.3 

Receiver  spacing  (s) 

0.3 

Width  of  center  vent 

0.25 

Distance  from  supply  nozzle  to 

10.0 

receivers 


The  length  of  the  straight  portion  of  the  supply  nozzle  was  3-1/2  inches 
(1/h  *  14)  which  generates  a  fully  developed  parabolic  flow  for  almost  the 
entire  rar«e  of  Reynolds  Numbers  studies.  Sample  photographs  of  the 
water  table  tests  are  shown  in  Figures  7  and  8  and  the  data  are  tabulated  in 
Tables  I  through  V. 

Tests  of  a  Full  Scale  Rotating  Rate  Sensor 

Procedure  -  The  performance  of  a  typical  laminar  rate  sensor  (Figure  9)  was 
examined  on  a  rotating  wheel.  The  data  collected  during  this  test  verifies  part 
of  the  analysis  that  was  done  before. 

Description  of  the  Sensor  -  The  dimensions  of  the  rate  sensor  were  as  follows: 

Dimension  (Inches) 


Supply  nozzle  width  (h) 

0.02 

Receiver  width  (d) 

0.028 

Receiver  spacing  (2s) 

0.08 

Distance  from  supply  nozzle  to 

1 

receivers 

Test  Results 

The  experimental  test  results  showed  that  the  power  jet  centerline  deflection 
angle  versus  angular  rate  of  turn  was  in  close  agreement  to  the  predictions 
of  the  analytical  model.  Hie  momentum  recovery  and  the  rate  sensor  gain 
(scale  factor),  however,  were  much  lower  than  was  predicted  when  using  the 
optimum  vent/recelver  design  as  determined  by  the  analytical  model  equations 
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Shape  I 


Aspect  ratio 


A 


B 


C 


Figure  7.  Flow  Patterns  for  Shapes  I  and 


Aspect  Ratio  =  1,  N 


Aspect  ratio  =  1 


Figure  8.  Flow  Patterns  for  Shapes  I  and  II  -  Aspect  Ratio  -  1 


TABLE  L  EXPERIMENTAL  RESULTS  FOR  SHAPE  1“  ASPECT  RATIO  *  1 


Figure 

Q 

ln3/eec 

V 

ln/eec 

T 

°F 

V 

ft^/eee 

37.1 

8.52-10*2 

1.37 

61.5 

1. 2x10* 5 

197 

38.1 

0.14 

2. 24 

62.0 

1.18 

328 

38.3 

0. 1S3 

2.45 

61.6 

1.19 

356 

38.4 

0. 161 

2.57 

61.6 

1.19 

374 

39.1 

0.188 

3.01 

56.0 

1.25 

417 

39.3 

0.  206 

3.3 

62.0 

1.18 

485 

40.1 

0.  258 

4.13 

1.20 

590 

40.3 

0.  307 

4.9 

1.3 

652 

40.4 

0.37 

5.9 

1.19 

857 

41.1 

0.407 

6.5 

1.26 

892 

TABLE  13.  EXPERIMENTAL  RESULTS  FOR  SHAPE  I-  ASPECT  RATIO  *  2 


42.1 

0.  058 

0.465 

58.0 

1.25X10"5 

86 

42.3 

0.114 

0.91 

58.0 

1.25 

168 

42.5 

0. 173 

1. 38 

59.5 

1.2 

266 

43.1 

0.  231 

1.85 

59.5 

1.2 

356 

43.2 

0.  356 

2. 84 

59.5 

1.2 

550 

TABLE  HL  EXPERIMENTAL  RESULTS  FOR  SHAPE  H"  ASPECT  RATIO- 

45.3 

0. 307 

4.9 

59.0 

1. 24x1 0‘“ 

684* 

37.2 

0.073 

1.16 

60.0 

1.2 

168 

37.3 

0. 102 

1.63 

59.7 

1.22 

231 

38.2 

0. 142 

2. 27 

59.9 

1.2 

327 

39.2 

0. 188 

3.0 

59.7 

1.22 

425 

39.4 

0.  232 

3.71 

59.9 

1.2 

535 

40.2 

0.254 

4.06 

60.3 

1.2 

586 

40.5 

0.  307 

4.9 

59.9 

1.2 

706 

41.2 

0.316 

5.05 

60.0 

1.2 

730 

45. 1-46. 1 

0.188 

3.0 

60.3 

L2 

432* 

TABLE  IV.  EXPERIMENTAL  RESULTS  FOR  SHAPE  H 
WITH  A  DEEP  INTERACTION  CAVITY  . 


44.1 

0.  058 

0.  93 

58.3 

1. 25x1 0-* 

128 

44.2 

0.  087 

1.39 

59.4 

1.21x10 

199 

44.3 

0,142 

2.  27 

59.4 

1.21 

325 

44.4 

0,188 

3.0 

60.3 

1.2 

432 

44.  5-46.  2 

0.  277 

4.42 

59.4 

1.21 

632 

45.4 

0.188 

3.0 

59.9 

1.2 

432* 

45.2 

0. 142 

2. 27 

60.4 

1.2 

342* 

TABLE  V.  EXPERIMENTAL  RESULTS  FOR  SHAPE H~ ASPECT  RATIO* 

42. 2-46.3 

0.  058 

0.464 

57.2 

1.28X10 

85.! 

42.4-46.3 

0.114 

0.91 

59.0 

1.24 

170 

42,6-46.4 

0. 1575 

1.26 

59.7 

1.22 

240 

43.3 

1.84 

57.2 

1.26 

338 

43.4 

2.32 

59.7 

1.22 

440 

43.5 

0.356 

2.84 

59.0 

1.24 

530 

47 

0.  20 

1.6 

59.0 

1.24 

300 

43.6 

0.422 

3. 37 

59.7 

1.22 

640 

♦Blocked  Output 


(Figure  10).  The  reason  for  this  discrepancy  was  never  experimentally  deter¬ 
mined  but  indicated  that  the  vent/receiver  design  was  probably  not  optimum 
based  on  actual  power  jet  spreading  and/or  losses  that  were  different  from  the 
analytical  model. 

II-3,  TASK  C  -  TEST  AND  EVALUATION 


The  object  of  this  task  was  to  perform  some  selected  environmental  tests  to 
determine  the  sensitivity  of  the  LARS  to  variations  in  these  selected  environ¬ 
ments.  The  environments  which  were  selected  for  investigation  were  tempera¬ 
ture,  vibration,  linear  acceleration,  angular  acceleration,  shock,  and  acoustic 
noise.  The  results  of  the  tests  performed  during  the  above  environmental  vari¬ 
ations  were  mostly  of  a  qualitative  nature  and  can  be  described  as  follows: 

•  Temperature  Sensitivity  -  The  LARS  gain  (scale  factor)  and  null  off¬ 
set  were  sensitive  to  temperature  and  the  LARS  would  require  tem¬ 
perature  compensation  If  it  were  to  be  a  usable  device. 

•  Vibration  Sensitivity  -  There  was  no  measurable  output  signal  vari¬ 
ation  when  die  LARS  was  vibrated  in  all  three  axes  at  0.5  g's  over 
a  frequency  range  of  5  to  1000  hertz. 

•  Acceleration  Sensitivity  (Linear  and  Angular)  -  The  sensitivity  of 
the  LARS  to  acceleration  was  determined  mainly  by  the  vent  cavity 
design.  Improper  vent  design  could  cause  bias  of  the  LARS  of  up 
to  10  degrees/second  at  2g  accelerations. 

•  Shock  Sensitivity  -  It  was  observed  that  the  shape  and  duration  of  the 
shock  input  was  observed  on  the  output  of  the  LARS. 

•  Acoustic  Sensitivity  -  The  noise  level  was  set  at  50  dB  and  varied 
from  5  to  20,000  hert*.  The  LARS  power  jet  was  very  sensitive  to 
the  input  noise  at  several  frequencies  when  unshield  but  was  un¬ 
affected  when  a  properly  Bhleld  vent  ca1  ity  was  used. 
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in.  PHASE  II  RESULTS 


The  major  objectives  of  this  phase  were  to  (1)  determine  the  LARS  performance 
requirements,  (2)  design  a  breadboard  LARS  to  meet  those  requirements,  (3) 
fabricate  the  breadboard  LARS,  and  (4)  test  the  LARS  at  standard  conditions  and 
selected  environments  to  demonstrate  that  the  performance  requirements  had 
been  met. 

m-1.  TASK  A  -  LARS  PERFORMANCE  REQUIREMENTS 

The  object  of  the  Phase  I  program  was  to  demonstrate  the  feasibility  of  a  laminar 
jet  to  sense  angular  rate  and  to  determine  some  of  the  design  parameters  which 
effect  the  LARS  performance.  In  this  Phase,  it  was  desired  to  have  minimum 
performance  requirements  as  a  goal.  The  performance  requirements  for  rate 
damping  type  control  loops  for  tactical  missiles  was  selected  because: 

a.  GE-RESD  had  contract  effort  in  this  area 

b.  LARS  potential  for  very  low  cost,  size  and  weight 

c.  Inertial  quality  sensor  performance  not  required.  Therefore,  develop¬ 
ment  effort  to  a  preproduction  design  would  be  minimum. 


Therefore,  the  following  performance  requirements  for  the  LARS  were  established: 


Threshold 

Hysteresis 

Resolution 

Linear  Range 

Response 

Noise 


0.05  degree/second 
0.05  degree/second 
0.05  degree/second 
+  500  degrees/second 
flat  to  1000  radians/second 
2%  full  scale 


HI-2.  TASK  B  -  SCALING  AND  OPTIMIZATION 

Based  on  the  water  table  and  air  model  studies  in  Phase  I,  a  LARS  geometry  vas 
configured.  This  geometry  was  used  as  a  starting  point  and  the  following  geomet¬ 
ric  parameters  were  analyzed  and  a  final  LARS  geometry  was  configured  (Figure  11): 

a.  Size  -  The  power  nozzle  size  and  the  distance  to  the  receivers  were 
determined  to  give  the  desired  linear  range. 

b.  Vents  -  The  vents  are  used  (1)  to  eliminate  vortices  and  secondary 
flows  and  (2)  to  remove  the  spillover  from  the  receivers  as  efficiently 

as  possible.  The  vent  design  in  Figure  11  was  found  optimum  when  com¬ 
pared  with  circular  walls,  diff.>rent  vent  wall  setback  and  removal  of  the 
excess  flow  from  the  receivers  at  steeper  angles. 
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c.  Receiver  Widths  -  Based  on  the  desired  location  of  the  receivers  down¬ 
stream  of  the  power  nozzle,  the  anticipated  power  Jet  spread  angle  and 
the  desirability  of  obtaining  the  maximum  rate  of  change  of  output  pres¬ 
sure  per  angle  or  deflection,  the  receiver  design  In  Figure  11  was  con¬ 
figured  with  the  aid  of  water  table  studies. 

ni-3.  TASK  C  -  MATERIAL  SELECTION 


A  trade-off  study  was  performed  to  select  the  optimum  material  for  fabrication 
of  the  LARS.  This  trade-off  study  is  as  follows: 

MATERIAL  TRADE-OFF 


Material 


Weight 


Machin 
Strength  ability 


Bond  Ability  To  Environmental  Total 
Strength  Be  Etched  Insensitivity  Points 


Aluminum  9  3 


5 


1  3 


4  25 


Titanium  7  8 


4 


10 


8 


9  46 


Stainless  4  9  6 

Steel 

Beryllium  3  4  5 

Copper 


3  6  8 

5  9  6 


36 

32 


Points  given  on  banls  of  1-10  with  10  highest  rating. 
fII-4.  TASK  D  -  DETAIL  DESIGN 


This  task  was  an  analytical  investigation  into  the  design  determined  in  Task  B  in 
order  to  predicate  LARS  performance  and  potential  unwanted  environmental  activ¬ 
ities.  The  analysis  showed  that  the  LARS  should  meet  the  desired  performance 
detailed  in  Task  A. 

m-5.  TASK  E  -  FABRICATION  AND  TEST 


The  LARS  geometry  (Figure  11),  which  was  designed  and  analyzed  in  the  previous 
tasks  was  fabricated,  along  with  a  3-stage  laminar  gain  block,  by  the  photo-etch 
process.  This  unit  wis  assembled  and  subjected  to  both  functional  operating  tests 
and  selected  environmental  tests. 

i  \ 

Functional  Operation'  Tests 

The  LARS  and  the  3-stage  gain  block  were  tested  on  a  Genisco  rate  table  using  a 
Pace  P90D  pressure  transducer  to  measure  rate  sensor  performance.  Results  of 
the  tests  are  as  follows: 
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Performance 


Parameters 

Desired 

Test  Data 

Threshold 

0.05 

0.05  degree/second 

Hysteresis 

0.05 

0.05  degree/second 

Resolution 

0.05 

0.05  degree/second 

Linear  Range 

4S00 

4700  degrees/seoond 

Response 

flat  to  1000  radlans/seoond 

not  tested 

Noise 

2%  Full  scale 

none  measured 

Scale  Factor 

— 

0.0011  mmHg/degree/secood 

Environmental  Tests 

The  results  of  the  environmental  tests  are  summarized  as  follows: 

a.  Temperature  -  For  a  temperature  increase  from  65°F  to  315°F,  there 
was  a  deer saae  in  the  LARS  and  gain  block  scale  factor  of  2.75.  There 
was  no  temperature  compensation  in  this  LARS  design. 

b.  Acoustic  Sensitivity  -  For  the  noise  levels  from  30  to  85  dB  and  the 
acoustic  frequencies  of  5  to  20K  hertz,  there  was  no  measured  effect 
on  the  LARS  and  gain  block  output  signal  when  the  vents  were  shielded. 

c.  Vibration  Sensitivity  -  The  LARS  and  gain  block  were  unaffected  by 
vibrations  of  0. 5g  at  frequencies  from  40  to  1000  hertz. 


IV.  PHASE  m  RESULTS 


In  this  Phase,  the  basic  LARS ,  the  3-stage  laminar  gain  block, and  a  vent  mani¬ 
fold  were  integrated  into  a  prototype  LARS  package.  This  LARS  package  was 
then  subjected  to  a  complete  evaluation  and  test  program. 

IV-1.  TASK  A  -  PERFORMANCE  STUDIES 

Optimum  Supply  Pressure 

Both  an  analytical  and  test  program  were  performed  to  determine  the  optimum 
supply  pressure  to  each  element  In  the  LARS  assembly.  The  supply  pressure  to 
the  last  stage  amplifier  was  determined  at  7. 5  mmHg  and  the  supply  pressures 
to  the  other  elements  were  orlflcjd  from  this  level  to  the  optimum  pressure. 

Threshold  Test  -  The  LARS  threshold  test  was  conducted  at  NASA  Langley.  The 
measured  threshold  of  the  LARS  was  0.04  degree/second  using  a  Data  metrics 
Pressure  Transducing  System. 

Linear  Range  and  Scale  Factor  Test  -  The  linear  range  and  scale  factor  of  the 
LARS  was  measured  on  a  Genisco  rate  table  with  a  Kaman-Nuclear  K-1100  Dlgi- 
Vit  Pressure  Readout.  The  measured  linear  range  was  600  degrees /second  with 
a  scale  factor  of  0.0005  mmHg/degree/second.  The  linearity  was  within  2  per¬ 
cent  of  full  scale. 

Signal  to  Noise  Ratio  -  The  Signal  to  Noise  Ratio  (S/N)  was  measured  using  a 
Datametrlcs  Pressure  Transducing  System.  The  electronic  noise  level  (the  noise 
level  measured  with  the  LARS  turned  off)  was  equivalent  to  a  0.4-degree/second 
peak-to-peak  signal  level.  When  the  LARS  was  turned  on,  there  was  no  change 
in  the  signal  level  as  measured  on  an  oscilloscope. 

Frequency  Response  Tests  -  The  LARS  was  mounted  on  an  oscillating  table  and 
the  oscillating  table  rate  of  turn  waB  measured  against  the  output  of  the  LARS. 

The  input  frequency  was  varied  from  20  to  250  hertz  at  a  constant  amplitude  The 
results  of  the  tests  were  recorded  on  oscilloscope  traces.  The  measured  fre¬ 
quency  response  of  the  LARS  with  the  gain  block  was  flat  to  100  hertz  and  was 
down  3  dB  with  a  90-degree  phase  shift  at  150  hertz. 

Transport  Lag  -  The  transport  lag  (pure  time  delay)  of  the  LARS  was  determined 
by  applying  an  impact  acceleration  to  the  oscillating  table  and  measuring  the  time 
from  impact  to  the  first  change  in  LARS  output  signal.  This  pure  time  delay  was 
measured  at  1.68  milliseconds. 
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IV- 2.  TASK  B  -  SENSITIVITY  STUDIES 


Effects  of  Supply  Pressure 

It  should  be  obvious  by  this  time  that  the  operating  characteristics  of  the  LARS 
are  affected  by  the  sigiply  pressure  level.  A  qualitative  description  of  some  of 
the  effects  of  the  supply  pressure  on  the  LARS  performance  characteristics  is 
given  below: 

a.  Linear  Range  -  Decree  -»  ng  the  supply  pressure  to  the  LARS  gave  an  in¬ 
crease  in  linear  range  and  an  increase  in  supply  pressure  gave  a 
decrease  in  linear  range  (increase  was  limited  to  laminar  flew  range). 
No  concise  relationship  between  these  two  parameters  was  found  but  a 
combination  of  LARS  gain  and  maximum  pressure  recovery  appears  to 
be  the  controlling  factor. 

b.  Noise  -  The  output  noise  level  remained  below  the  sensitivity  of  the 
pressure  transducer  until  turbulent  flow  was  obtained.  Then  the  output 
noise  level  Increased  with  increasing  supply  pressure. 

c.  Scale  Factor  -  The  scale  factor  (change  in  differential  output  pressure 
versus  rate  '  *  turn)  varied  proportionally  to  the  change  in  supply  pres¬ 
sure.  This  relationship  only  holds  in  the  laminar  flow  region. 

d.  Null  Uncertainty  -  The  measured  null  output  (differential  output  pres¬ 
sure  versus  supply  pressure  at  zero  rate  of  turn)  behaved  in  a  rather 
unpredictable  manner. 

Effects  of  Temperature 


The  performance  of  the  LARS  versus  temperature  variations  was  measured. 

Both  an  uncompensated  and  a  temperature  compensated  (small  orifice  located 
upstream  of  the  laminar  supply  nozzle)  were  tested  with  only  scale  factor  and 
null  variations  being  recorded. 

a.  Scale  Factor  -  When  the  temperature  on  the  uncompensated  LARS  was 
varied  from  65°F  to  315°F,  the  scale  factor  dropped  to  30  percent  of  its 
value  at  65°F.  When  the  above  test  was  performed  on  the  temperature 
compensated  unit,  the  scale  factor  dropped  to  only  85  percent  of  its 
value  at  65°F.  Analysis  showed  that  improvements  could  be  made  in  the 
temperature  compensation  circuit  and  these  improvements  should 
maintain  the  scale  to  95  percent  of  its  65°F  value. 

b.  Null  Uncertainty  -  The  temperature  caused  the  null  signal  level  to  vary 
in  both  the  uncompensated  and  compensated  models.  However,  no  pre¬ 
cise  relationship  could  be  found. 
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IV-3.  TASK  C  -  NOISE  INVESTIGATION 

Two  models  were  tested  (or  acoustic  noise  sensitivity  (see  Figure  12).  The 
first  model  had  the  vents  of  the  rate  sensor  and  gain  block  open  to  the  ambient. 
The  second  model  had  all  the  vents  captures  in  a  manifold  and  then  the  vent  flow 
exited  through  an  orifice  to  ambient.  The  acoustic  frequency  was  varied  from 
10  to  20, 000  hertz  at  an  average  sound  intensity  of  105  dB.  The  first  model  had 
output  signal  levels  equivalent  to  a  500  degrees /second  rate  of  turn  when  the 
acoustic  frequency  was  between  1400  to  2600  hertz,  and  had  small  output  fluctu¬ 
ations  (<  25  degrees  /second)  when  the  acoustic  frequency  was  aromd  100  hertz. 
The  second  model  had  no  measurable  effects  on  its  output  signal  through  the 
complete  test  range. 

IV-4.  TASK  D  -  SHOCK  AND  VIBRATION  TESTS 

The  second  model  of  the  LARS  with  all  the  vents  captured  in  a  manifold  was  sub¬ 
jected  to  both  vibration  and  shock. 

Vibration 

The  LARS  was  subjected  to  the  vibration  test  procedure  detailed  in  MIL-STD- 
810B  for  equipment  installed  in  air  launched  missiles.  Resonance  search, 
resonance  dwell,  and  sinusoidal  cycling  were  performed  in  all  three  axes. 

These  tests  showed  that  the  LARS  is  unaffected  by  the  above  vibration  levels. 

Shook 

Two  LARS  units  were  mounted  on  a  bulkhead  with  their  longitudinal  axes  rotated 
90  degrees  with  respect  to  each  other.  An  explosive  charge  was  detonated  which 
applied  12, 500  g's  to  the  LARS  units.  The  functional  tests  performed  on  the 
LARS  after  the  shock  tests  indicated  that  there  was  no  apparent  damage  to  the 
LARS. 
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V.  PHASE  IV  RESULTS 


The  main  objectives  of  this  phase  were  to  (1)  develop  an  optimum  laminar  pro¬ 
portional  amplifier,  (2)  develop  techniques  and  procedures  for  staging  the  lam¬ 
inar  proportional  amplifiers  to  obtain  die  desired  gain  block  performance,  and 
(3)  optimize  the  design  and  fabrication  of  the  rate  senoor/gain  block  package  to 
obtain  a  prototype  LARS  design  with  the  desired  operating  performance. 

V-l.  TASK  A  -  LAMINAR  AMPLIFIER  DEVELOPMENT 

At  the  end  of  the  LARS  Phase  III  program,  the  major  problem  area  to  be  solved 
was  to  greatly  increase  die  output  signal  level  (scale  factor)  of  die  LARS.  Al¬ 
most  two  orders  of  magnitude  were  desired  over  the  level  that  was  available 
with  the  3-stage  gain  block  used  in  Phase  in.  The  stageable  differential  pres¬ 
sure  gain  of  the  amplifier  used  in  the  Phase  HI  gain  block  was  approximately  4. 
Therefore,  it  was  desired  to  greatly  increase  this  stageable  gain. 

Amplifier  Test  Results 


Each  of  10  amplifiers  (2  each  of  the  5  different  designs  shown  in  Figure  13)  was 
submitted  to  a  differential  pressure  test.  A  comparison  of  the  test  results  is 
shown  in  Table  VI.  The  test  results  are  given  at  the  optimum  bias  level,  supply 
pressure  and  aspect  ratio  (0.6). 

After  reviewing  the  data  from  the  differential  pressure  test  (Table  VI),  ampli¬ 
fier  designs  (B)  and  (C)  were  eliminated  from  further  consideration  because  of 
their  low  stageable  gain,  i.e. ,  too  many  stages  to  obtain  required  gain.  (Note: 
Designs  (B)  and  (C)  Incorporated  a  long  narrow  power  nozzle.)  When  these  am¬ 
plifiers  with  the  long  power  nozzle  were  subjected  to  maximum  supply  pressure 
test,  they  did  remain  laminar  to  higher  Reynolds  Numbers  than  the  other  de¬ 
signs.  However,  it  appears  that  the  velocity  profile  obtained  at  the  exit  of  this 
type  of  power  nozzle  is  not  conducive  to  obtaining  good  gain  using  standard  re¬ 
ceiver  designs.  The  test  data  on  the  remaining  three  designs  was  comprehen¬ 
sively  reviewed  and  a  comparison  of  the  following  major  performance  goals  was 
made: 

a.  Pressure  gain 

b.  Linearity 

c.  Maximum  linear  range  (function  of  pressure  recovery  and  maximum 
supply  pressure  for  laminar  flow) 

d.  Ease  of  fabrication  (simplicity  of  design) 

e.  Saturation  characteristics 
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Figure  13.  Amplifier 


f.  Gain  variation!  (aa  function  of  blaa  level,  supply  pressure, and 
output  loading). 

TABLE  VI.  AMPLIFIER  TEST  RESULTS 


Design 

Maximum  Block  Load 
Pressure  Gain 

Maximum  Stage able 
Pressure  Gain 

(A) 

7.5 

6 

<B) 

5 

4 

(C) 

4 

2.5 

0>) 

13 

10 

<E) 

8 

5.5 

Table  VII gives  a  tabulated  comparison  of  the  three  designs  against  the  above 
performance  criteria. 

TABLE  VIL  PERFORMANCE  CRITERIA  COMPARISON 


Design  No.  (A) 

Design  No. 

ID)  Design  No.  IE) 

Pressure  Gain 

Fair 

Excellent 

Fair 

Linearity 

Good 

Poor 

Fair 

Maximum  Range 

Good 

Good 

Fair 

Ease  of  Fabrication 

Good 

Good 

Poor 

Saturation 

Poor 

Excellent 

Excellent 

Gain  Variations 

Fair 

Poor 

Good 

In  reviewing  die  above  table,  no  amplifier  design  becomes  a  clear  cut  choice  as 
the  one  with  the  outstanding  performance  characteristics.  However,  the  follow¬ 
ing  general  comments  could  be  made  about  all  tnree  designs: 

a.  The  best  stageable  gain  with  minimal  output  noise  is  obtained  when  the 
amplifier  is  operated  at  the  highest  possible  supply  pressure  without 
going  turbulent. 


b.  The  maximum  stageable  gain  la  obtained  at  very  low  input  bine  level*. 
However,  if  the  bias  level  get*  too  low,  the  maximum  operating  supply 
pressuro  Is  reduced. 

c.  Equal  amplifier  gain  for  each  design  can  be  obtained  at  each  aspect 
ratio  tested  at  a  corresponding  supply  pressure  to  maintain  a  fixed 
Reynolds  Number.  This  was  true  for  aspect  ratios  from  0.4  to  2. 

d.  Higher  amplifier  gains  are  obtainable  when  the  output  load  is  less 
than  one  nozzle  (i.e. ,  the  load  approaches  a  blocked  load  condition). 
However,  since  there  are  no  vents  in  the  output  legs,  the  amplifier 
tends  toward  instability  at  loads  less  than  one  nozzle. 

Because  of  the  high  gain  required  by  the  gain  block, design  (D)  was  chosen  for 
gain  block  tests  because  of  its  high  stageable  gain. 

V-2.  TASK  B  -  STAGING  TECHNIQUES 

The  purpose  of  this  task  was  to  optimize  the  performance  of  a  3-stage  gain 
block  with  respect  to  gain,  linearity,  noise,  and  saturation.  It  was  further  de¬ 
sired  to  determine  a  method  of  predicting  the  expected  performance  of  each  am¬ 
plifier  design  when  Interconnected  into  a  gain  block. 

Gain  Block  Results 

Keeping  the  above  performance  criteria  in  mind,  a  series  of  3-stage  gain  blocks 
using  amplifier  design  (D)  were  tested  with  various  aspect  ratio  amplifiers  for 
each  stage.  The  gain  blocks  were  made  up  of  single  stage  amplifiers  which 
were  tubed  together  using  soft  wall  tubing.  The  test  configuration  is  shown  in 
Figure  14.  However,  the  test  data  obtained  was  poor  and  not  repeatable.  The 
poor  results  were  due  to:  3)  signal  noise  being  generated  by  the  interconnections, 
b)  the  interconnecting  tubing  getting  bent  or  pinched,  and  c)  failure  to  use  the 
exact  same  piece  of  tube  on  the  exact  same  connection  points.  Therefore,  a 
special  test  manifold  was  designed  to  test  the  three-stage  gain  block  coupled 
with  the  rate  sensor  in  a  "semi-integrated"  package.  Several  different  three- 
stage  configurations  were  tested  including  the  following  aspect  ratio  combina¬ 
tions:  a)  0.8,  0.6,  0.4,  b)  0.4,  0.4,  0.4,  c)0.6,  0.6,  0.4,  d)  0.6,  0.4,  0.4. 

Table VIII  gives  the  parameters  of  one  of  the  better  performing  three-stage 
gain  block  configurations. 

Pressure  gains  as  high  as  1000  were  obtained  for  a  3-stage  gain  blocks  but  file 
gain  was  very  sensitive  to  bias  level  and  supply  pressure  to  each  stage.  Gains 
of  550  to  610  were  obtained  fairly  repeatably  with  a  minimum  sensitivity  of  the 
gain  to  input  bias  level  and  supply  pressure  variations.  Signal  to  noise  ratios 
of  greater  than  20^0  were  measured  with  the  above  configuration.  The  test 
instrumentation  was  the  limiting  factor  for  measuring  better  signal  to  noise 
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TABLE  VIII.  3-STAGE  GAIN  BLOCK  TEST  RESULTS 


Aspect 

Ratio 

Supply 

Pressure 

Bias  Level 
From  Sensor 
Rate 

Output 

Load 

Differential 
Pressure  Gain 

Stage  1 

0.6 

8  mm  Hg 

1% 

Stage  2 

0.6 

20  mm  Hg 

Stage  3 

0.4 

90  mm  Hg 

0. 

02"x0.01 

Nozzle 

"  610 

ratios.  During  this  test,  supply  pressures  to  each  stage  were  independently 
regulated  and  die  vents  of  each  amplifier  stage  were  individually  bled  unrestricted 
to  the  ambient. With  the  unrestricted  vents,  the  3-stage  gain  block  was  extremely 
sensitive  to  acoustic  noise.  Care  had  to  be  taken  in  keeping  the  room  in  which 
the  tests  were  performed  free  of  extraneous  noise  and  room  drafts. 

The  two  other  basic  amplifier  designs  (A)  and  (E)  were  also  tested  in  the  3-stage 
manifold  similar  to  the  procedure  used  to  evaluate  amplifier  (D)  described 
above.  Design  (E)  is  the  standard  GE-SFO  design  in  an  Integrated  configuration. 
This  design  had  been  used  in  Phase  III  with  unity  aspect  ratio  amplifiers  in  a 
vertically  stacked  arrangement.  In  this  phase,  the  tests  were  performed  using 
0.4  and  0. 6  aspect  ratio  amplifiers.  The  results  showed  that  die  3-stage  ampli¬ 
fier  had  a  blocked  load  gain  of  110  to  125  for  both  the  aspect  ratio  0.4  and  0. 6 
when  it  was  operated  in  the  laminar  flow  region  (12  mmHg).  Since  this  was 
substantially  lower  than  amplifier  (D),  no  further  work  was  performed  on  this 
design  during  this  phase  of  the  contract.  The  final  amplifier  design  that  was 
tested  was  design  (A).  The  basic  amplifier  had  good  blocked  load  pressure  gain 
but  when  it  was  interconnected  into  the  3-stage  gain  block,  very  poor  pressure 
gain  resulted.  By  decreasing  the  aspect  ratio  for  each  downstream  stage  (in¬ 
creasing  input  impedance),  results  similar  to  the  GE-SFO  amplifier  gain  block 
were  obtained.  However,  this  device  is  much  larger  and  more  difficult  to 
fabricate. 

Gain  Block  Conclusions 


At  the  end  of  the  gain  block  tests,  the  following  performance  features  of  the  (D) 
amplifier  in  a  staged  configuration  were  found: 

a.  Very  high  pressure  gain 

b.  Relatively  easy  to  fabricate  by  metal  etch  process 
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o.  Very  high  signal  to  noise  ratio 

d.  Very  good  saturation  characteristics 

e.  Overall  pressure  gain  very  sensitive  to  supply  pressures  to  each  stage 

In  spite  of  the  supply  pressure  problem  (which  was  not  considered  severe),  this 
amplifier  design  was  selected  as  die  one  to  be  used  in  the  integrated  Laminar 
Angular  Rate  Sensor  (LARS).  This  amplifier  design  was  based  on  a  design  sub¬ 
mitted  to  GE-RESD  by  NASA  Langley. 

V-3.  TASK  C  -  LARS  DESIGN  OPTIMIZATION 

During  the  Phase  in  effort, a  breadboard  laminar  angular  rate  sensor  and  3- 
stage  gain  block  was  designed,  fabricated,  and  tested.  This  LARS  is  shown 
In  Figure  15.  In  this  Phase  IV  task,  a  prototype  LARS,  using  the  latest  rate 
sensor  and  proportional  amplifier  designs,  was  to  be  fabricated  and  tested. 

This  prototype  LARS  was  to  meet  the  rate  sensor  performance  requirements 
(Table IX)  which  were  specified  for  the  three  fluidic  control  systems  which 
were  under  development  at  GE-RESD. 

TABLE IX.  SENSOR  PERFORMANCE  REQUIREMENTS 

Roll  Rate  Control  Roll  Rate  Control  Three  Axis 
for  Advanced  Navy  for  High  Acoelsra-  Autopilot  for 
Missiles  tlon  Guided  Missiles  Advanced  Navy 
_ _ Missiles 


Scale  Factor 

0.04  mm  Hg/deg/ 

sec 

0.6  mm  Hg/deg/ 
sec 

0.04  mm  Hg/ 
deg/sec 

Linear  Range 

250  deg/sec 

500  deg/sec 

200  deg/see 

Frequency  Response 

500  rad/sec 

1000  rad/sec 

400  rad/sec 

Threshold 

2  deg/sec 

0.5  deg/sec 

0.1  deg/sec 

Signal  to  Noise  Ratio 

100 

500 

20 

Linearity 

10% 

5% 

5% 

Transport  Lab 

2  msec 

2  msec 

2  msec 

Basic  Rate  8ensor  Deals 


From  Table  IX  the  pressure  gain  requirement  for  a  gain  block  coupled  with  the 
rate  sensor  developed  in  Phases  I,  II  and  III  was  as  high  as  75,000.  Since  the 
ability  to  obtain  gains  of  this  magnitude  was  deemed  impossible  in  practical 
applications,  an  investigation  was  performed  to  increase  the  basic  rate  sensor 


•cal*  factor.  Tha  two  main  areas  of  this  investigation  were:  1)  the  effect**  of 
aspect  ratio  (AR),  and  2)  the  effects  of  power  nozzle  and  receiver  design. 

Aspect  Ratio  -  Daring  the  previous  three  phases,  the  basic  rate  sensor  was 
tested  from  aspect  ratios  of  1  to  3.  To  the  best  of  the  author's  knowledge, 
aspect  ratios  of  less  than  1  were  never  tested.  Therefore,  an  Investigation 
was  performed  to  determine  the  effect  of  aspect  ratio  on  the  rate  sensor  per* 
formsnee.  The  results  of  the  tests  are  given  in  Table  X. 

TABLE  X.  TEST  RESULTS  -  ASPECT  RATIO  VERSUS  SCALE  FACTOR 


Ratio  Sensor 

Aspect  Ratio 

Scale  Factor 
(mm  Hg/deg/aec) 
(Blocked  Loaded) 

Linear  Range 
(deg/sec) 

1  (original  design) 

8  x  10"6 

250 

0.6 

2  x  10“4 

700 

0.4 

4  x  10-4 

1000 

An  additional  advantage  of  a  lower  aspect  ratio  sensor  is  a  greatly  increased 
speed  of  response.  The  reason  for  the  increased  response  is  due  mainly  to  the 
increased  power  Jet  velocity  at  the  much  higher  supply  pressures  used  with  the 
lower  aspect  ratios.  A  complete  series  of  tests  was  performed  to  compare  the 
performance  data  of  the  original  rate  sensor  to  the  low  aspect  ratio  units.  The 
hysteresis,  threshold,  noise  level,  null  drift,  saturation,  etc.  of  the  loa-  aspect 
ratio  units  were  equal  to  or  better  than  the  original  unit,  except  in  one  case. 

That  is,  from  unit  to  unit,  the  effect  of  supply  pressure  variation  on  output 
pressure  null  was  more  severe  for  the  lower  aspect  ratios. 

Power  Nozzle  and  Receiver  Design  -  HDL  had  performed  several  tests  on  power 
nozzle  and  receiver  designs  -  Including  the  measurement  of  velocity  profiles 
and  the  effects  of  nozzle  and  receiver  design  on  amplifier  gain.  Based  on  these 
tests,  HDL  made  the  following  recommendations  to  GE-RESD: 

a.  To  obtain  the  best  amplifier  gain  for  laminar  flow  amplifiers,  use  a 
short  power  nozzle. 

b.  Better  overall  results  will  be  obtained  with  a  receiver  design  which 
does  not  use  a  center  vent. 

Therefore,  it  was  decided  to  test  amplifier  design  (D)  as  a  laminar  rate  sensor. 
The  rate  sensor  scale  factor  was  <  x  10~*  mm  Hg/degree/second  at  an  aspect 
ratio  of  0. 4.  Also,  the  time  delay  was  reduced  from  that  measured  for  the  origi¬ 
nal  rate  sensor  because  the  receiver  is  only  half  as  far  from  the  power  nozzle. 


o 

o 

G 


A  much  desired  additional  feature  of  thia  deaign  when  uaed  aa  a  rate  aenaor  la 
the  lnclualon  of  control  porta.  The  old  rate  aenaor  deaign  bad  the  disadvantage 
that  It  could  not  be  trimmed.  That  la,  the  differential  output  preaaure  could 
not  be  nulled  to  zero  for  zero  ratee  of  rotation  after  the  rate  aenaor  had  been 
aaaembled.  hi  theory,  thia  ia  not  a  problem.  However,  due  to  the  practical 
limitations  of  the  fabrication  process,  an  Inherent  offset  almost  always  exists 
and  it  is  very  difficult  am!  time  consuming  to  eliminate  thia  offset  by  restack¬ 
ing  and  re-aligning  the  laminates.  The  addition  of  the  control  ports  allows  a 
differential  pressure  to  be  applied  across  the  power  )et  to  center  it.  This  can 
be  accomplished  by  bringing  an  external  pressure  into  the  ports  or  by  placing 
an  orifice  between  the  control  port  and  ambient  (vent)  pressure.  For  the  Phase 
IV  program,  the  orifice  method  was  employed.  Now  the  rate  sensor  can  be 
assembled  and  adjusted  to  zero  at  any  supply  pressure. 

The  output  of  this  task  was  to  select  a  0. 6  aspect  ratio,  (D)  amplifier  design 
with  a  short  supply  nozzle  and  trim  ports  to  perform  the  rate  sensing  function. 
The  scale  factor  of  this  rate  sensor  design  into  a  blocked  load  was  4  x  10~* 
mm  Hg/degree/second. 

Laminar  Gain  Block  Design 

An  integrated  3-stage  gain  block  assembly  was  designed.  This  integrated 
assembly  incorporated  the  3-stago  amplifier  gain  block  developed  in  Section 
V-2  and  detailed  in  Table  VHI.  Designed  into  this  assembly  was  a  common 
supply  manifold  and  common  vent  plenum.  The  supply  manifold  used  orifices 
to  drop  the  manifold  pressure  to  the  level  required  by  each  amplifier.  The 
vent  plenum  was  used  to  capture  all  the  vent  flows  from  the  rate  sensor  and  am¬ 
plifiers.  The  vent  flow  then  passed  through  an  orifice  to  ambient  pressure. 
Capturing  the  vents  "decoupled"  the  ambient  variations  from  the  performance  of 
file  LARS.  The  rate  sensor  and  three  stages  of  amplifiers  were  assembled  in 
the  Integrated  package  and  the  package  was  tested.  The  tests  showed  a  high 
noise  level  ( »  20  degrees/second  equivalent  signal  level)  on  the  output  of  file 
LARS.  Therefore,  the  LARS  was  disassembled  and  the  amplifiers  were  placed 
in  the  test  fixture  used  in  Section  V-2.  The  performance  of  the  gain  block  ex¬ 
ceeded  the  performance  of  the  gain  block  described  in  Section  V-2.  The  basic 
rate  sensor  was  Interconnected  to  the  gain  block  and  fills  package  was  tested. 
The  performance  of  this  package  met  file  desired  LARS  performance  includ¬ 
ing  noise  level  (remember  that  each  supply  pressure  and  each  vent  were  now 
Independent).  These  components  were  then  re-assembled  into  the  integrated 
LARS  package.  The  same  high  noise  level  problem  existed.  Several  attempts 
were  made  to  correct  this  problem  by  either  modifying  the  vent  plenum  or 
changing  the  supply  pressure  to  one  or  more  of  the  amplifiers  by  changing  the 
orifice  size.  Changing  the  vent  plenum  design  had  little  effect  unless  the  vents 
of  the  amplifiers  were  open  to  ambient.  Then  file  noise  level  was  substantially 
reduced  tut  the  LARS  was  very  sensitive  to  ambient  noise.  Changing  the  supply 
pressures  either  (1)  had  little  effect  or  (2)  greatly  reduced  the  noise  level  at  a 
severe  penalty  of  gain  such  that  the  LARS  scale  factor  was  unacceptable.  The 
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reasons  for  the  above  noise  problem  were  not  found  because  every  time  we  dis¬ 
assembled  an  integrated  LARS  and  tested  the  components  in  the  test  fixture  the 
unit  worked  fine*  This  same  unit  would  not  work  in  an  integrated  package  and 
we  were  unable  to  instrument  these  packages. 

Because  of  time  and  funding  constraints,  a  new  integrated  LARS  package  was 
designed  which  incorporated  the  amplifier  (D)  design  used  as  the  rate  sensor, 
one  stage  of  amplifier  (D)  used  a  laminar  proportional  amplifier,  and  the  ampli¬ 
fier  (E)  used  as  a  laminar  3-stage  gain  block.  The  object  of  the  new  design  was 
(1)  to  have  separate  vent  plenums  for  the  rate  sensor  and  gain  block  and  (2)  to 
attempt  to  isolate  the  supply  of  the  rate  sensor  from  the  gain  block  by  re¬ 
designing  the  supply  pressure  manifold.  Because  of  the  design  of  the  laminates 
and  the  desirability  to  "decouple"  the  vents  of  the  rate  sensor  from  the  gain 
block,  the  rate  sensor  vents  could  not  be  Internally  shielded  from  the  ambient. 
Therefore,  a  special  metal  shield  was  made  and  the  200-degree/second  and 
25-degree/second  models  were  tested  with  this  shield. 

LARS  Test  Setup 


Three  models  of  the  LARS  were  developed  during  this  effort.  The  three  models 
had  a  linear  range  of  either  1000  degrees/second,  200  degrees/second  or  25  de¬ 
grees/second  and  are  all  similar  to  the  unit  shown  in  Figure  16.  Tests  were 
performed  on  each  of  the  models  to  determine  the  following  performance 
characteristics: 

a.  Hysteresis 

b.  Threshold 

c.  Scale  Factor 

d.  Noise  Level 

e.  Linear  Range 

f.  Linearity 

g.  Saturation  Characteristics 

h.  Null  Drift 

i.  Repeatable  Null 

Figure  17  shows  the  test  setup  for  measureing  d  and  h.  The  supply  pressure 
was  set  and  monitored.  The  tank  was  used  to  filter  any  noise  in  the  supply  line. 
Figure  18  shows  the  test  setup  for  measuring  the  additional  data  listed  above. 
Photographs  of  the  setup  are  shown  in  Figure  19.  Several  problem  areas  were 
encountered  in  this  test  setup.  In  many  cases,  the  test  instrumentation  limited 
our  capability  to  determine  the  parameter  of  interest.  Therefore,  several  param¬ 
eters  are  given  as  "Limited  By  Test  Equipment".  This  means  that  the  param¬ 
eter  of  interest  is  better  than  that  stated.  How  much  better  could  not  be  deter¬ 
mined.  The  problem  areas  in  this  test  setup  were: 
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Figure  17.  Test  Setup  -  LARS  Output  Characteristics 


Figure  18.  Test  Setup  Diagram  -  Bate  Table 


1 
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a.  Rates  of  less  than  0.5  degree/second  could  not  !>e  measured.  This  was 
limited  by  both  the  tachometer  and  rate  table. 

b.  The  llnearin  of  the  tachometer  was  approximately  ±  10  percent.  Two 
tachometers  had  been  purchased  ami  the  one  used  was  the  better  of  the 
two. 

c.  The  tachometer  was  linear  to  1000  degrees,  second  clockwise  but  only 
200  degrees/ second  counter  clockwise.  Several  tests  were  performed 
with  this  tachometer  in  this  condition  before  it  could  be  repaired. 

d.  The  pressure  transducer  had  a  minimum  sensing  capability  of  0.001 
mm  llg  pressure  differential.  Pressure  levels  of  at  least  an  order  of 
magnitude  lower  than  that  are  needed  for  the  threshold  tests. 

e.  The  frcqii  new  response  ot  the  transducer  is  limited  to  100  radians/ 
second. 

I.  A  stored-gas,  blow-down  system  was  list'd  as  the  air  supply  to  the 
l.ARS.  This  gas  svstem  allowed  tests  of  only  a  short  duration  (  ^30 
minutest  and  caused  supple  pressure  variations  to  the  LARS. 

g.  Due  to  the  rate  table  -lip  rings,  the  elect  runic  noise  was  appreciable. 

Test  Results  of  the  lOQO-Dcgrec  Second  Model 


The  lest  results  of  the  1000  degree  second  model  arc  given  in  Table  XI.  The 
results  given  are  the  average  of  the  three  units  tested. 

TAB1.K  XI.  PKRFOR  MANCK  -  1000-DEGREE  SECOND  MODEL 


Supply  Pressure 

13  mm  llg 

Threshold 

0.  5  deg/ sec* 

Scale  Factor 

0.0015  mm  Hg/deg/sec 

II  vst  crests 

0.  5  fteg/scc* 

Linearilv 

In 

Linear  Range 

1011*1  deg/ sec* 

Noise  Level 

o.  5  deg 'see*  'Noise  Measured! 

Nidi  Repeatabilit' 

i  deg  sec 

Trim 

0. 5  deg  sec* 

♦The  numbers  given  are  the  best  eapabilitv  of  the  test  equip¬ 
ment.  The  actual  LARS  performance  numbers  could  not  be 
measured  Uil  are  better  than  those  given. 
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During  the  tests  the  following  LAR8  performance  was  observed  by  the  author: 

a.  The  design  of  the  vent  plenum  successfully  isolated  the  LARS  from 
ambient  conditions. 

b.  The  unit  was  easily  trimmed.  However,  if  the  trim  set  screw  was 
accidentally  "bottomed",  the  LA  its  could  not  be  trimmed  because  of 
damage  to  the  trim  mechanism. 

Test  Results  of  the  200-Degree/Second  Model 

The  test  results  of  the  200-degree/second  model  are  given  in  Table  XII.  Hie 
results  given  are  the  average  of  the  three  units  tested. 

TABLE  XII.  PERFORMANCE  -  200-DEGREE/SECOND  MODEL 


Supply  Pressure 

12  mm  Hg 

Threshold 

0. 5  deg/sec4 

Scale  Factor 

0.015  mm  Hg/deg/sec 

Hysteresis 

0. 5  deg/sec 

Linearity 

107* 

Linear  Range 

200  deg/sec 

Noise  Level 

0. 5  deg/ sec  peak  to  peak 

Null  Repeatnbtlitv 

0. 5  deg/ sec 

Trim 

0.05  deg/scc 

•See  Table  VII 

During  the  tests,  the  following  LARS  performance  was  observed  by  the  author. 

a.  The  null  adjustment  was  difficult.  The  pitch  of  the  threads  of  the  set¬ 
screw  must  be  changed  for  the  higher  sensitivity  LARS  units. 

b.  Because  of  the  redesign  of  the  vent  plenum,  the  LARS  was  now  sensi¬ 
tive  to  ambient  air  disturbance  unless  the  specially  designed  shield 
was  used. 

Test  Results  of  the  25-Degrec/Secopd  Model 

The  test  results  of  the  2 5-degree/ second  model  are  given  in  Table Xm.  The  re¬ 
sults  given  are  the  average  of  the  three  units  tested. 
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TABLE  XID.  PERFORMANCE  -  26-DEGREE/SECOND  MODEL 


Supply  Pressure 

12  mm  Hg 

Threshold 

0. 5  deg/sec* 

Scale  Factor 

0. 05  mm  Hg/deg/sec 

Hysteresis 

0. 5  deg/sec 

Linearity 

10% 

linear  Range 

50  deg/sec 

Noise  Level 

1  deg/sec 

Null  Repeatability 

2  deg/sec 

•See  Table  XI. 

During  the  tests,  the  following  LARS  performance  was  observed  by„the  author. 

a.  The  null  adjustment  problem  was  the  same  as  the  200  degree/second 
model. 

b.  The  basic  unit  was  very  sensitive  to  ambient  air  disturbances.  This 
was  due  to  the  rate  sensor  vents  being  open  to  die  ambient.  These 
vents  had  to  be  enclosed  using  a  specially  designed  shield  to  perform 
the  tests. 

c.  The  zero  null  condition  was  difficult  to  maintain  during  these  tests. 
Supply  pressure  variations  of  0. 1  percent  were  enough  to  cause 
measurable  changes  in  the  null  signal. 

The  results  showed  that  the  LARS  exhibits  excellent  performance  in  the  areas 
of  threshold,  linearity,  hysteresis,  noise,  etc.  However,  two  problem  areas 
existed  in  this  rate  sensor  design  which  would  limit  the  use  of  the  rate  sensor 
in  control  systems.  The  first  problem  was  that  die  scale  factor  (rate  sensor 
output  versus  rate  of  turn)  had  excessive  variations  with  supply  pressure  and/or 
envirvmmental  variations  (Figure  20).  The  second  problem  was  the  null  signal 
level  (output  signal  with  zero  rotation)  varied  outride  acceptable  limits  with 
supply  pressure  and/or  environmental  variations  (Figure  21). 

It  was  believed  that  the  above  two  problems  were  caused  mainly  by  the  photo 
etch  fabrication  process  which  was  employed  to  make  the  LARS.  However, 
a  program  to  evaluate  the  effects  of  fabrication  on  the  above  problems  was  not 
performed  prior  to  the  end  of  die  above  phase  on  the  prototype  LARS  units. 

Since  evaluation  of  die  original  prototype  LARS  units,  an  Investigation  into  the 
effects  of  the  fabrication  process  on  the  above  two  problem  areas  has  been 
performed.  The  test  results  showed  that  the  variations  in  scale  factor  and  null 
signal  level  with  variations  in  supply  pressure  and/or  environmental  conditions 


SUPPLY  PRESSURE  (INCHE 


aph  of  Zero  Rate  Error  as  a  Function  of  Supply  Pressure  for 
■Degree/Second  Model  LARS  (Original  Fabrication) 


can  be  held  within  acceptable  limits  when  the  LARS  is  properly  fabricated  and 
the  LARS  is  to  be  used  in  autopilot  or  rate  stabilization  control  systems 
(Figures  22  and  23).  However,  further  effort  is  ncedod  to  bring  these  two  per¬ 
formance  parameters  within  acceptable  limits  for  an  inertial  quality  angular 
rate  sensor. 


RATE  OF  Tl"RN  DEG /SEC 

Differential  Output  Pressure  vcraua  Rale  of  Turn  for  1000-Degree 
(with  Small  Diameter  Supply  Tube  ami  Various  Supply  Pressures! 


VI.  SUMMARY 


To  date,  the  previous  effort  has  been  to  demonstrate  die  feisibllity  of  a  Laminar 
Angular  Rate  Sensor  (LARS).  GE-RESD  performed  several  tasks  to  analyze,  de¬ 
sign,  fabricate,  test,  and  evaluate  several  models  of  a  LARS.  Analytical  models, 
water  table  models,  and  actual  prototype  models  have  been  employed  to  correlate 
anticipated  performance  with  actual  test  data.  Good  correlation  was  obtained  be¬ 
tween  theoretical  analysis  and  actual  test  data  for  performance  at  both  standard 
conditions  and  for  selected  environments.  Power  nozzle/receiver  design,  aspect 
ratio,  and  dm  fabrication  process  were  determined  to  be  die  three  moot  Impor¬ 
tant  parameters  affecting  the  sensor  performance  and  its  sensitivities  to  environ¬ 
mental  variations.  The  LARS  has  demonstrated  Itself  to  be  a  suitable  device  for 
use  in  rate  stabilization  type  control  systems. 

The  projected  next  step  in  the  development  of  a  Laminar  Angular  Rate  Sensor 
package  is  to  fabricate,  test,  and  evaluate  six  preproduction  models  (four  units 
of  the  200-degree/second  model  and  two  of  the  1000-degree/second  model).  The 
test  and  evaluation  should  be  performed  to  confirm  (1)  that  proper  fabrication 
techniques  will  repeatedly  kev*p  die  scale  factor  and  null  signal  variations  with 
supply  and/or  environmental  variations  within  acceptable  limits  and  (2)  incor¬ 
porating  the  above  recommendations  Into  the  LARS  design  will  reduce  the  en¬ 
vironmental  effects  with  no  degradation  in  the  other  performance  parameters 
previously  measured  on  the  prototype  LARS  units. 
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•4ATHE.1ATICAL  MODELING  AND  COMPUTER  AIDED  DESIGN 
OF  A  FLUIDIC  G  SENSOR 

by 

Charles  A.  Delsterllng*  and  Dr.  Albertus  E.  Schmldlln** 


AbSTRACT 

One  of  the  long-standing  handicaps  in  the  development  of  sophisti¬ 
cated  fluidic  devices  and  systems  has  been  the  difficulty  in  analyzing 
their  behavior.  Electronic  computers  have  the  capability  of  handling 
complex  and  cumbersome  mathematical  problems  with  ease.  Obviously,  the 
application  of  computers  to  the  fluidics  technology  would  minimize  this 
handicap.  The  key  to  successful  application  is  the  development  of  valid 
mathematical  models. 

This  paper  is  intended  to  illustrate,  by  the  example  of  a  fluidic  G 
sensor  (accelerometer),  that  valid  models  can  be  developed,  and  by  more 
than  one  method.  Furthermore  it  is  to  show  how  the  behavior  of  these 
models  can  be  analyzed  and  their  performance  optimized  by  means  of  both 
analog  and  digital  computers.  The  results  indicate  the  validity  of  the 
models  and  verify  their  value  in  improving  the  dynamic  response  and  mini¬ 
mizing  gas  consumption  of  the  G  sensor. 
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LIST  OF  SYMBOLS 


m 


acceleration  of  G  Sensor,  ln/sec^ 

2 

area,  general.  In 

effective  area  of  piaton  (experimentally  determined)  In2 

outlet  orifice  area.  In2 

supply  orifice  area,  in2 

total  area  of  piaton,  in2 

area  of  top  vent,  In2 

area  of  bottom  vent  ,  in2 

capacitance,  microfarads,  compliance,  in^/lb. 

volume  capacitance  of  lower  chamber,  inVlb 

volume  capacitance  of  upper  chamber,  InVlb 

clearance  above  seismic  mass,  in 

damping  coefficient,  lb  sec/in 

voltage,  volts 

side  force  on  the  piston,  lb 

sliding  friction  force,  lb 

gravitlonal  constant,  in/sec2 

acceleration,  a/g,  nondimens ional 

current,  amperes 

spring  constant,  lb/in 

vent  nozzle  coefficient,  lb  sec/in* 

Inductance,  henries,  lnertance,  lb  sec^/ln* 
mass  of  the  piston,  lb  sec2/ln. 
mass  flow,  lb  sec/ in 
atmospheric  pressure,  lb/in2 
generalized  pressures  lb/in2 
output  pressure,  lb /in2 
supply  pressure,  lb/in2 
-  pressure  in  bottom  chamber,  lb/in2 


o 

o 
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o 


o 

o 


p 

°0 

p8 

q 

R 

R 

Rb 

*L 

Rn 

R 

o 

RS 

8 

T 

v 

Vl 


x 

U 

Y 


-  pressure  In  Cop  chamber,  lb/ln? 

■  density  of  gas,  lb  sec/in* 

-  density  of  gas  In  chamber, P./tfT,  lb  gac/ln* 

•  t 

■  density  of  gas  at  supply  port,  ?S/R1,  lb  aec/lnH 

■  volume  flow,  in^/sec 

■  gas  constant,  in^/sec^  *R 

-  resistance,  ohms,  lb  sec/ln^ 

-  damping  resistance,  lb  sec/ln^ 

■  load  resistance,  lb  sec/ln^ 

-  vent  nozzle  resistance,  lb  sec/in^ 

■  output  resistance,  lb  aec/in^ 

■  supply  resistance,  lb  sec/in^ 

*  Laplace  transform  variable,  1/sec 

*  gas  tamperature,  °R 

■  velocity,  ln/sec 

«  volume  of  bottom  chamber,  in 

*  volume  of  top  chamber,  in^ 

-  weight  of  the  piston,  lb 

*  displacement  of  mass  w.r.t.  vent  nozzle,  in 

-  coefficient  of  sliding  friction 

■  ratio  of  specific  heats 
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INTRODUCTION 

The  goel  of  «ny  modeling  effort  ie  to  develop  •  mathematical  descrip¬ 
tion  that  not  only  la  valid  but  alao  la  suitable  for  analysis  by  conven¬ 
tional  techniques.  One  approach  Is  to  first  describe  a  fluidic  device 
in  terms  of  Its  electrical  analogies  (equivalent  electric  circuit) ,  then 
develop  the  nonlinear  differential  equations  describing  the  circuit  and 
finally  apply  standard  circuit  analysis  and  computing  methods  to  the  pre¬ 
diction  of  its  behavior.  (Ref  1)  This  Is  the  approach  used  in  the  first 
part  of  thi.s  paper. 

Another  approach  to  modeling  is  by  means  of  the  classical  equations 
of  fluid  mechanics.  The  coupled,  nonlinear  differential  equations  de¬ 
scribing  gas  flow  and  mechanical  notion  are  derived  and  solved  with  the 
aid  of  computers.  This  approach  Is  illustrated  in  the  latter  part  of 
the  paper. 


PART  I.  MODELING  WITH  ELECTRICAL  CIRCUIT  ANALOGIES 


It  is  appropriate  to  begin  with  a  description  of  analogous  physical 
systems.  In  developing  equivalent  circuit  models  for  fluidic  devices,  we 
are  generally  concerned  with  three  types  of  physical  systems,  fluidic 
(pneumatic),  mechanical  and  electrical.  The  analogous  second-order  dif¬ 
ferential  equations  are  as  follows: 

ELECTRICAL 

For  the  RLC  electrical  circuit  shown  below  we  have: 


E  O- 


E 

where 

E 

1 

L 

R 

C 


L  di/dt  +  Ri  +  1/Cfidt 


f' 


applied  voltage 
instantaneous  current 
inductance 
resistance 
capacitance 
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Fluidic  (Pneumatic) 


yt«u«  sris.sss'iruss"'' <evic- in  the  eirc“u — 


P  »  L  dq/dt  + 


Rq  +  1/C^*q 


where 


P  ■  total  pressure 
q  *  Instantaneous  volume  flow 
L  *  equivalent  incrtance 
R  *  equivalent  resistance 
C  *  equivalent  compliance 


hechanlcal 


shown 


Tbeloifirentlal  eqUatl°n  describinR  ^e  spring-mass-daaper  system 


F  »  I1d2x/dt2  +  Ddx/dt  +  Kx 


where 


F  "  iua  of  the  forces  on  M 
*  m  f Mtenteneous  displacement 

M  ■  mess 

D  -  damping  coefficient 
K  •  spring  constant 

let!  F°r  el*CtrIC*1  '<"JlV*U"t  of  th.  fluidic  circuit  c„ 

P  -  E 
q  •  i 

L  -  L 

R  -  R 

c  ■  c 

in  their  appropriate  units. 


For  the  electrical 
convenient  to  change  the 
then: 


Zluii:VrLthA  Th‘nlc#1  w. *  -ost 

rlaole  from  displacement,  x,  to  velocity,  v. 


F  -  Mdv/dt  +Dv  +  yjv&t 
and  we  can  use  the  analogies 
F  -  E 
v  •  i 
M  -  L 
D  -  R 

K  «T  i 

c 

In  their  appropriate  units. 


PHYSICAL  DESCRIPTION  OF  THE  FLUIDIC  G  SENSOR 

operates  aa'fouiu!?-*1  °f  th'  fluldlc  0  l*  ,hown  *»  Figure  1.  it 
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Ch«  load.  There  la  a  sealing  diaphragm  under  the  seismic  mass  to  prevent 
flow  leakage  paat  the  mass.  In  the  upper  chamber  there  is  one  vent  to 
atmosphere  through  a  restrictor  which  provides  damping. 

Assuming  a  vertical  orientation  as  shown,  the  seismic  mass  exerts 
a  downward  force  equal  to  Mg  which  tends  to  seal  off  the  vent  nozzle. 

When  the  output  restrictor  la  relatively  small,  incoming  supply  flow  will 
cause  the  pressure  to  build  up  in  the  lower  chamber  until  it  lifts  the 
mass  from  the  nozzle  and  allows  more  flow  to  vent  out  of  the  lowet  chamber 
through  the  nozzle.  The  seismic  mass  will  begin  to  rise. 

As  the  mass  moves  upward,  it  compresses  air  in  the  upper  chaaiber, 
forcing  it  out  through  the  damping  restrictor.  As  the  mass  comes  to  rest 
in  a  stable  position,  the  pressure  in  the  upper  chamber,  P2,  reaches  atmo¬ 
spheric  pressure.  At  equilibrium  we  have  a  force  balance  system  in  the 
lower  chamber,  where,  neglecting  sticking  friction  and  diaphragm  forces, 
the  pressure  in  the  lower  chamber  times  the  effective  area,  Ae,  of  Jie 
seismic  mass  must  be  equal  to  the  mass,  it,  times  tne  acceleration,  a,  or 


Pi 


That  is.  Pi  is  a  direct  linear  function  of  acceleration,  provided  M 
and  Ae  are  constants.  No  other  parameters  or  variables  are  Involved  in 
its  static  response.  The  proportional  pressure,  Pi,  is  applied  to  the  load, 
Rl,  through  the  output  restrictor,  R0. 


EQUIVALENT  ELECTRIC  CIRCUIT 

Assuming  no  flow  from  one  end  of  the  chamber  to  the  other  (sealed 
diaphragm),  we  have  two  convenient  node  points,  1  and  2,  for  summing  flows. 
At  node  1  (the  lower  chsmber)  there  is  only  supply  flow  coming  in,  but 
there  are  several  places  for  it  to  exit,  as  illustrated  by  the  equivalent 
circuit  that  follows: 


R. 


where 


Rn  -  variable  vent  noacle  realatance  (function  of  x) 

Cj  “  volume  capacitance  of  lower  cheaper  (function  of  x) 
At  ■  total  area  of  end  of  aeiaalc  maaa 
v  »  velocity  of  aeiaalc  aaaa 
Rg  »  aupply  realatance 
Rg  “  output  realatance 
Rl  “  load  realatance 


Siallarly  at  node  2  (the  upper  chaaber)  we  have  the  network 


where 


R^  -  daaplng  realatance 

C2  ■  volume  capacitance  of  upper,  chaaber  (function  of  x) . 


Here  vAt  la  the  only  incoming  flow  and  it  la  used  to  compress  the  air  in 
the  trapped  voluae  capacitance  C2  and  to  bleed  out  the  reatrlctor  Rb  to 
ataosphere. 


Uote  that  pressures,  Pj»  and  P2,  are  developed  at  the  two  nodes,  and 
act  on  opposite  ends  of  the  cylindrical  aaaa,  M.  Between  the  nodes  1  and 
2  we  have  a  aechanical  system  whose  behavior  will  define  the  unknown 
velocity,  v,  connecting  the  two  node  equivalent  circuits.  Then 

Fx  -  Mdv/dt  +  Dv  +  i(^dt  -  PjAe 


which  can  be  represented  by  the  electrical  equivalent  circuit  (neglecting 
diaphragm  forces). 


o 

o 


Fl  M  D 
^  ■vuur-  — vs/v 
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o 

o 


To  convt-f  i  circuit  properly  to  pressure  and  flow  variables  wa 
determined  v*  of  tha  aaaa  by  the  aquation 

PjA^  -  P2«t  -  Mv  +  Dv 

or  in  terns  of  tha  operator,  a 

PlAe  "  PA  "  v(til  +  D> 

or 

V  ,  -  p2At 

•M  +  D  sH  +  D 


in 


However  the  increase  in  volume  of  tha  lower  chamber  and 
volume  of  the  upper  chamber  is  determined  by  the  velocity 
That  is: 


Q2 


V 


.  !iAeAt 


PA4 

*2At 


Bn  +  D  sM  +  D  sM/A  A  +  D/A  A. 


the  decrease 
and  total  area 


sil/A 


Afc  +  D/A#At 


Converting  the  mechanical  impedances  to  fluidic  impedances  and  compen¬ 
sating  C2  and  for  the  area  ratio  we  have  the  modified  impedances: 


tr 

■ 

M/AeAt 

D’ 

m 

D/AeAt 

R* 

R  b 

■ 

AeV\ 

C' 

■ 

AtC2/Ae 

Now 

the 

complete  equivalent  electric 

in  Figure  2 


circuit  for 


the  G  sensor  is  shown 


External  acceleration,  a,  produces  a  force  e<Jual  to  mass  times  accelera¬ 
tion  into  the  mechanical  circuit  above.  Since  the  device  cannot  react  on 
the  external  acceleration  (infinite  input  impedance  and  infinite  reverse 
transfer  impedance),  it  is  introduced  into  the  circuit  through  a  pure  voltage 
generator.  To  be  compatible  with  the  modified  circuit,  the  force,  Ma,  is 
divided  by  the  effective  area,  Ae,  to  produce  an  equivalent  air  pressure 
opposing  P^. 


MATHEMATICAL  MODEL 

The  equivalent  circuit  in  Figure  2  provides  the  means  for  developing 
the  mathematical  model  for  the  fluidic  G  sensor  using  conventional  mathe¬ 
matical  procedures.  To  simplify  the  presentation  we  can  make  the  following 
substitutions. 


X 


421 


Let 


u 


z 


p 


R  /• C.  R 

P  l  m  P 

R  +  1/sC,  1  +  sC.R 

P  1  1  P 


(parallel  network  In  lower  chaaber) 


where i 

a  ■  Laplace  operator 
and 


R 

P 


where; 


and 


Z2 


y. 


*n* 


(parallel  reaiatancea  in  lower  chaaber) 


Rq  +  R^  (auo  of  output  and  load  reaiatancea) 


/  pC’j 

Rb  +  l/*Ci 


K 

1  +  aC'R^ 


(parallel  network  In  upper 
chaaber) 


The  loop  equationa  are 


P 


a 


v*.  -  y  -  w 


and 


"VV  +  Q2(Zp  +  +  u'  +  zp 


Now  one  can  fora  the  detcrainant  of  the  2  by  2  iapedance  matrix,  aet 
it  equal  to  aero  and  determine  the  character ia tic  equation  of  the  G  sensor. 
By  definition  the  characteristic  equation  defines  the  transient  response  of 
the  G  sensor  as  described  in  the  linearized  analytical  study  later  in  this 
paper. 

Solving  for  Q1  and  multiplying  it  times  Zp  defines  the  transfer  func¬ 
tion  of  the  G  sensor  from  which  we  can  determine  the  dynamic  response  of 
Pi  to  changes  in  acceleration  end  supply  pressure. 
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ANALOG  COMPUTER  STUDIES 


Referring  to  the  equivalent  electric  circuit  of  Figure  2  end  ita 
component  parts,  we  can  formulate  a  eat  of  equations  most  convenient  for 
solution  on  an  analog  coaputer.  They  are  the  node  equations 

•P1  (PB  -  Px)  /R#  -  P1/Rn  ♦  C1dP1/dt  +  (P1  -  Po)/R0  ♦  vAt 

&2  vAt  -  C2dP2/dt  +  P2/Rb 

Wo  <P1  -  Po>  '*c  ■  fc'\ 

and  the  forces  acting  on  the  Base,  M. 

@M  PjAe  -  PjAt  •  M  (a  +  dv/dt)  +  Dv. 

One  more  equation  la  necessary  to  the  simulation  of  the  G  sensor.  The 
nonlinearity  of  the  vent  noatle  restrictor  is  vital  to  the  functioning  of 
this  force-balanced  system.  The  value  of  this  reals*  ance,  R  ,  varies  inver¬ 
sely  with  the  nossle  gap,  the  distance,  x,  shown  in  Figure  1?  The  charac¬ 
teristic  of  this  vent  nossle  resistance,  Rn,  is  typically  as  shorn  below. 


We  assume  the  characteristic  R  ■  n  where 

n  — 
x 

K  -  (R  <$  x.)x. 
n  n  l 

The  analog  computer  program  based  on  the  above  five  equations  in 
shown  in  Figure  3. 
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Not*  that  th*r*  ar*  two  otbar  nonllnearltles  in  th*  analog  computing 
circuit.  Th*  first  1*  in  th*  generation  of  a  friction  ter*  in  th*  lower 
loop  representing  the  mechanical  system  dynamics .  Sliding  friction  is  * 
nonlinear  phenomenon  which  results  in  a  restraining  force  in  the  direction 
opposite  to  th*  motion  of  th*  mess  snd  it  is  at  a  relatively  constant  level. 
This  phenomenon  is  gensrated  by  feeding  th*  velocity  signal  into  a  compara¬ 
tor  with  a  sero  reference  level  whoa*  output  generates  a  changing  sign  or 
direction  of  th*  friction  force.  Th*  potentiometer  that  follows  is  set  to 
regulate  th*  magnitude  of  the  force,  and  the  net  result  is  a  simulated  fric¬ 
tion  level  that  changes  its  direction  to  always  oppose  th*  direction  of 
mot-ion  of  the  mass. 

Th*  other  nonlinearity  is  in  th*  generation  of  the  displacement,  x  of 
the  masSyM.  He  have  defined  x  as  th*  distance  between  the  mass  and  th* 
vent  nossle,  R  .  To  avoid  having  the  notsl*  penetrate  the  mass  during 
overtravel,  venr*strict  the  displacement  x  to  positive  values  only,  by 
lnssrtlng  a  diode  in  th*  signal  output  of  th*  integrator.  When  x  does  go 
to  taro,  the  vent  restrictor  is  completely  closed,  so  the  value  of  R  goes 
to  infinity  and  Pj/Rq  goes  to  cero. 

Static  tests  of  th*  analog  computer  program  were  run  to  correlate  with 
experimental  data,  starting  with  th*  sensor  at  1G  with  the  supply  pressure  on. 
A  step  change  of  G  was  applied  and  a  reading  taken  after  transients  had 
died  out.  Supply  pressure  was  then  removed  and  reapplied,  after  which 
a  second  reading  was  made.  Th*  step  change  in  G  was  removed  and  the  pro¬ 
cedure  repeated  at  1G. 


EFFECT  OF  ACCELERATION,  G 

A  plot  showing  the  effect  of  G  level  on  the  lower  chamber  pressure, 
P|,  is  in  Figure  4.  Note  that  there  is  an  area  of  uncertainty  in  th* 
pressure  (non  repeatability  of  test  results)  at  levels  balow  about  8  G 
due  to  the  effect  of  sliding  friction.  Above  this  level  the  uncertainty 
disappears,  perhaps  because  the  system  "stiffness"  becomes  strong  enough 
to  overpower  auy  uncertainty,  or  because  the  mass  settles  with  an 
oscillatory  motion. 

Other  etatic  tests  were  run  to  determine  the  effect  of  all  parameters 
cm  the  lower  cheaper  pressure,  P^.  Th*  following  were  effective: 

Acceleration,  a 
Sliding  Friction,  f 
Effective  Area,  Ae 
Hass,  N. 

It  was  determined  that  the  effect  of  the  following  variables  on  th* 
chamber  pressure,  P^»  under  static  conditions  is  negligible. 
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Damping  Restrictor, 

Supply  Restrictor,  R« 

Output  Restrictor,  R0 

Motile  (Vent)  Restrictor,  1. 

n 

Lover  Chamber  Volume  Cepeclteace, 

Upper  Chamber  Volume  Cepeclteace, 

Supply  Pressure,  Pa  (1-10  pel). 

The  output  pressure  PQ,  Is  derived  from  P. .  Therefore,  to  deteraine 
the  effect  of  additional  parameters  on  the  output  pressure,  ve  need  only 
investigate  those  par  setters  downs  tresn  of  the  lover  ch— her  pressure,  P. . 
Those  paraaeters  are  the  output  resistance,  Ro,  and  the  load  resistance, 

Rl.  It  wee  found  that  both  paraaeters,  Ro  and  Rj,,  have  a  significant  effect 
on  the  output  pressure,  P0. 

The  static  tests  confined  that  sliding  friction  cat  Introduce  serious 
errors  in  the  output  of  the  6  sensor.  At  low  levels  of  acceleration  the 
errors  are  In  the  fon  of  a  band  of  uncertainty.  At  higher  levels  the 
errors  appear  to  be  alarsya  nagstlva. 

The  static  tests  show  that  the  only  design  paraaeters  which  affect 
the  lover  chaaber  pressure,  Pj,  are  eliding  friction,  f,  aass,  M,  and 
effective  ares.  A*.  The  additional  paraaeters  that  affect  the  output 
pressure,  PQ,  are  the  output  restrictor,  R0,  and  the  load  restrictor 

*L* 

ANALOG  COMPUTER  STUDIES  OF  G  SENSOR  DYNAMICS 

Dynamic  tests  were  run  with  the  coaputer  prograa  in  Figure  3  start¬ 
ing  at  1  G  with  the  supply  pressure  on.  A  step  change  of  6  was  applied, 
then  when  the  transients  had  stabilised,  the  supply  pressure  was  momentarily 
raaoved,  then  reapplied.  Finally  when  the  transients  had  stabilised 
again,  the  step  change  In  6  level  was  removed  and  the  decay  transient 
recorded. 


Effact  of  Sliding  Friction,  f,  at  10  G 

Figure  5  shows  the  transient  response  of  the  G  sensor  with  three 
values  of  sliding  friction.  Four  characteristics  are  to  be  noted: 

(a)  Sliding  friction  of  0.025  lb  is  required  to  produce 
acceptable  damping  #  10  G; 
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(b)  Less  daplng  is  required  for  the  response  to  a  atop 
Input  of  10  6  than  for  a  atop  Input  of  I  lb/in?  supply 
praaaura; 

(e)  Thara  la  a  critical  level  of  initial  diaturbanca  bayond 
which  aora  iianplng  ia  raquiradi  tha  raaaon  for  tha 
diffaranca  in  raqulrad  danplng  appaara  to  ba  dua  to  tha 
nonllnaaritias. 

(d)  Tha  undenpad  natural  fraquaney  la  approximately  tha 
sana  in  both  caaas. 

It  is  daar  fron  tha  raaults  of  tbia  taat  that  stability  of  tha 
fluidic  6  aanaor  with  tha  paranatara  caleulatad  fron  tha  prasant  daslgn 
ia  bordarllna.  First,  tba  valua  of  sliding  friction  factor  aaaaurad  in  tha 
axparlaaatal  unit  is  0.60.  With  a  cross  axis  accalaratlon  of  1  G,  this 
raaults  in  a  forca  of  0.60  x  0.0276  lb  or  0.017  lb.  Tha  coaputar  perfor- 
aanca  shown  in  Flgura  5  shows  that  this  forca  is  not  enough  to  stabilise 
tha  G  sansor.  Ha  could  provide  nora  sliding  friction,  but,  as  shown  in  tha 
static  casa,  this  could  introduce  carious  uncar taint  las  into  tha  response. 
Furthermore,  in  actual  use  in  a  nlaslla,  tha  cross-axis  acceleration  can 
ba  auch  lower  than  1  G,  in  fact  saro.  This  leads  to  the  conclusion  that 
sliding  friction  oarmot  ba  depended  upon  to  stabilise  tha  transient  response 
of  tha  G  sansor.  Ha  aust  find  ways  to  increase  tha  affective  "viscous" 
daaplng. 


LINEARIZED  ANALYTICAL  STUDY 

To  aid  In  finding  the  naans  to  increase  tha  effective  viscous  daap¬ 
lng  no st  directly,  art  analytical  study  was  carried  out.  This  was  a 
linearised  analysis  of  the  transient  behavior  of  the  G  sansor  In  general 
nathenatlcal  fora.  The  electrical  equivalent  circuit  of  Figure  2  was 
used  to  generate  the  characteristic  equation  of  the  couplets  systaa  using 
standard  algebraic  processes.  It  was  possible  to  factor  the  resulting 
cubic  equation  to  establish  the  characteristic  aquation 


where 

is  the  parallel  cohblnatlon  of  all  restrictors  connected 
to  the  lower  chaaber. 

R2  is  the  parallel  coablnation  of  all  restrictors  in  the  G  sen¬ 
sor. 
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From  the  characteristic  equation  we  can  derive: 


Undamped  natural  frequency 


Damping  factor 


This  leads  to  the  following  conclusions: 

(1)  The  undamped  natural  frequency  if  solely  a  function  of 
mass,  Mt  and  volume  of  the  lower  chamber,  C^. 

(2)  The  damping  factor  is  primarily  a  function  of  the  parallel 
combination  of  all  restrictors  connected  to  the  lower 
chamber  and  the  ratio  of  the  volume  of  the  lower  chamber 
to  the  volume  of  the  upper  chamber; 

(3)  The  damping  restrictor,  R^,  acts  with  the  volume  capaci¬ 
tance  of  the  upper  chamber,  C2,  to  reduce  the  energy  in  the 
second  order  system  by  attenuating  the  high-frequency  com¬ 
ponents. 

Tests  were  run  using  the  nonlinear  computer  model  to  establish  a  rough 
correlation  with  the  results  of  the  linearized  analytical  study. 

Figure  6  shows  the  transient  response  of  the  G  sensor  with  various 
values  of  damping  resistance,  R^.  It  is  typical  of  the  many  other  para¬ 
meter  studies  conducted. 

The  response  to  G  transients  confirms  that  R.  provides  effective 
damping  by  limiting  the  momentum  of  the  mass  as  it  approaches  the  nozzle. 
Then  less  energy  is  "injected"  into  the  system  and  the  oscillations  are 
never  severely  excited  and  decay  rather  quickly.  Note  in  Figure  6  the 
frequency  of  the  oscillations  is  relatively  unaffected  by  changes  in  R^. 
This  confirms  that  R^  is  not  a  factor  in  determining  the  undamped  natural 
frequency  of  the  G  sensor. 

The  response  to  supply  pressure  transients  shows  larger  amplitudes 
of  oscillation  as  R^  ,is  increased,  although  the  decrement  of  decay  seems 
to  be  relatively  constant.  Larger  amplitudes  conflict  with  the  hypotheses 
by  the  constant  decrement  confirms  them. 
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It  should  also  be  noted  that  there  la  an  optimum  value  for  R.  which 
has  the  best  combination  of  effecta  on  G  transients  and  supply  pressure 
transients.  We  believe  that  this  is  due  to  the  fact  that  with  a  high  value 
of  R.  the  volume  of  flow  through  the  restrictor  is  not  large  enough  to  ex¬ 
tract  a  significant  amount  of  energy  from  the  system. 
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S urinary  of  Analyses 

The  initial  dynamic  teats  with  sliding  friction  Indicate  the  need  for 
additional  sources  of  damping  to  insure  stability  of  the  G  sensor  and  to 
minimize  static  errors  at  low  acceleration.  The  linearized  analytical 
study  led  to  the  hypothesis  that  the  restrictors  connected  to  the  lower 
chamber  and  the  ratio  of  the  volumes  in  the  lower  and  upper  chambers  could 
be  optimized  to  Increase  the  damping  factor.  The  study  also  predicted  that 
the  undamped  natural  frequency  of  the  G  sensor  is  dependent  on  the  seismic 
mass  and  the  volume  capacitance  of  the  lower  chamber  only. 

The  dynamic  tests  of  the  nonlinear  mathematical  model  consistently  con¬ 
firmed  the  hypotheses  based  on  the  linearized  analysis  except  for  two  cases 
due  to  nonlinearities. 

(1)  Computed  results  indicate  that  the  damping  resistance,  , 
has  an  optimum  value  for  damping,  while  the  linearized 
analysis  Indicates  the  larger,  the  better. 

(2)  Computed  results  indicate  that  the  effect  of  the  ratio  of 
volume  capacitances  is  of  the  form  (C^/^  *  2)  while  the 

linearized  analysis  Indicates  (l-Cj/Cj). 

The  results  of  the  linearized  analysis  have  provided  a  clear  insight 
as  to  additional  sources  for  damping  the  nonlinear  G  sensor  without  intro¬ 
ducing  static  errors  and  uncertainties.  In  addition  the  nonlinear  analog 
computer  program  has  proved  to  be  of  exceptional  value  in  testing  the 
effects  of  parameter  changes  and  providing  realistic  static  and  dynamic 
responses. 


G  SENSOR  EXPERIMENTAL  TESTS 

A  model  of  the  G  sensor  was  constructed  for  a  limited  series  of  ex¬ 
perimental  tests.  The  dimensions  are  identical  with  those  used  in  the 
computer  studies  so  the  test  remits  could  be  correlated  with  computed 
results. 
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In  the  static  tests  to  follow,  the  effect  of  acceleration  on  the  G 
sensor  Is  simulated  by  loading  the  top  of  the  seismic  mass  with  a  con¬ 
trolled  air  pressure  (P^)  applied  and  measured  through  the  ports  Illus¬ 
trated  in  the  top  chamber  in  Figure  7.  Hie  loading  pressure  is  applied 
at  one  port  and  measured  at  a  second  port  to  avoid  errors  due  to  flow. 

The  air  is  allowed  to  bleed  normally  through  the  damping  restrictor,  R^. 
This  method  of  loadi tg  the  G  sensor  should  introduce  no  static  errors, 
but  there  will  be  dynamic  errors  due  to  decreased  volume  capacitance,  C», 
(inversely  proportional  to  P^)  and  Increased  Incremental  R.  (proportional 
to  flow  through  the  nonlinear  damping  restrictor). 


Figure  8  is  a  photograph  of  the  experimental  G  sensor  set  up  for  the 
test.  Pressure  is  applied  to  the  top  through  an  lnterruptable  jet  and  a 
motor-driven  chopper  wheel.  Identical  miniature  pressure  transducers 
are  connected  to  continuously  monitor  the  input  pressure,  P^,  and  the 
output  pressure  of  interest  and  plot  their  relative  values  automatically. 

Figure  9  shows  the  sensor  static  output  pressure  response  plotted 
automatically.  The  loading  was  slowly  Increased  to  maximum,  then  slowly 
decreased  to  zero  while  the  axis  was  oriented  vertically.  Note  the  ex¬ 
ceptional  linearity  and  the  indication  of  hysteresis. 

Comparison  with  Figure  4  shows  good  correlation  in  sensitivity  but 
the  absence  of  the  effect  of  sliding  friction,  which  for  the  computed  case, 
was  assumed  at  its  maximum  (axis  horizontal). 


A  limited  series  of  dynamic  tests  were  conducted  with  the  experimental 
G  sensor.  The  sensor  was  oriented  vertically  so  with  zero  loading  pressure 
it  was  sensing  one  G. 

Figure  10  shows  the  transient  response  of  the  G  sensor  to  step  changes 
in  simulated  acceleration.  The  upper  trace  is  P_,  representing  acceleration 
and  the  lower  trace  is  P^,  the  pressure  in  the  lower  chamber.  Note  that  at 
10  G  the  response  shows  a  natural  frequency  of  approximately  225  hertz  and 
a  characteristic  nonlinear  response.  This  is  to  be  compared  with  the  com¬ 
puted  response  for  the  nominal  case  shown  in  Figure  5.  The  computed  natural 
frequency  is  about  240  hertz  and  we  can  see  the  same  type  of  oscillatory 
response.  Note  also  that  adding  friction  by  tilting  the  G-Senaor  damps 
the  response  more  nearly  like  the  computed  response  (which  Included  sliding 
friction) . 

Figure  11  shows  the  transient  response  of  the  G  sensor  to  a  step  change 
in  supply  pressure.  Note  that  the  response  is  lightly  damped  as  compared  to 
the  response  to  10  G  in  Figure  10,  and  it  is  quite  different  in  character. 
This  is  to  be  compared  with  the  computed  response  in  Figure  5.  The  simi¬ 
larity  in  amplitudes  is  quite  good. 
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PART  II.  MOOEIING  WITH  THE  BASIC  PHYSICAL  EQUATIONS 

The  fluidic  "G"  sensor  can  ba  daacribad  aa  a  aaaa,  alr-aprlng,  valve 
systaa.  Three  coupled!  nonlinear ,  differential  equations  deacribe  the 
gea  flow  and  the  notion  of  the  aaaa. 


Governing  Equations 

1.  Suanatlon  of  forcea  on  the  aelaaic  aaaa,  M: 
£r  -  tit  +  Ha 

Equation  of  notion  for  the  naaa,  M: 


X  -  -a  + 


h  A. 


P2_A 
M 


u  r  i 

MW 


2.  Naaa  rate  of  flow  for  a  coapreaalble  fluid: 
A  - 


(1) 


(lef.  2) 


“  (n) J  V- 

To  facilitate  nanual  calculations ,  a  aiapllflad  expreaaion  can  be 
used.  For  y-1.4  and  0.33  <P^/PC  <1.0  the  following  expression  is  applicable 
with  a  aaxlaun  error  of  1/41. 


lit  RT  Pc  -  >b 

Ac  - 

Pc 

v wj 

3.  Equation  of  state  for  a  perfect  gas: 

PV  -  aBT 

4.  Continuity  equation  for  a  chamber: 

PV  +  VP  -  ART 


G 


Bottom  chamber  continuity  equation 


3.  Top  chamber  continuity  equation: 


1.  Gas  flow  through  orifices  ia  subsonic  with  negligible 
upstream  velocity. 


2.  Gas  temperature  remains  constant  and  uniform  in  both 
top  and  bottom  chambers. 

3.  Sliding  friction  between  the  aelsmic  mass  and  the  barrel 
ia  present  when  operating  in  a  horizontal  position.  In 
this  case  the  side  force  ia  equal  to  the  weight  of  the 
aelsmic  mass;  otherwise  the  side  force  is  assumed  to  be 
negligible. 

4.  Effects  of  a  pressure  gradient  along  the  diaphragm  and 

flow  force  effects  and  diaphragm  stiffness  were  approximated 
by  experimental  determination  of  an  effective  diaphragm 
area  for  force  balance  calculations. 

5.  Motion  of  the  seismic  mass  is  limited  to  positive  values  of  x 
(see  Figure  1).  If  the  mass  reaches  x-0  at  a  finite  velocity, 
the  velocity  becomes  and  remains  zero  until  the  acceleration 
becomes  positive. 
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Discussion  of  Assumptions 


Th«  assumption  of  constant  temperature  wu  justified  on  the  bull  of 
a  relatively  low  flow  through  tha  device  and  a  relatively  high  ratio  of 
aurfaca  area  to  voluae  In  the  top  and  bottom  chaabera.  Although  the  atatlc 
temperature  of  the  gas  will  be  lowered  after  throttling  through  the  orifices, 
it  is  felt  that  this  affact  will  be  offset  by  the  heat  transfer  froa  the 
aetal. 

In  the  case  of  the  top  chaaber,  for  example,  work  by  Danlela  (Ref  3) 
on  the  acoustic  lapedanca  of  snclosuras  suggests  that  the  correction  for 
deviation  from  isothermal  will  be  negligible  for  this  geometry  at  10  Us 
and  only  10Z  at  100  Hs. 

The  use  of  an  eff active  area  for  the  diaphragm  serves  to  correct  for 
pressure  and  flow  force  effects  on  its  surface.  Since  the  test  data  were 
obtained  with  the  sensor  diaphragm  orlentad  In  its  opening  position  the 
restraining  forces  within  the  diaphragm  aaterial  were  also  included. 

Limiting  the  motion  of  the  selaaic  mass  Is  necessary  to  aatlafy  the 
physical  characteristics  of  the  hardware.  Nothing  is  sacrificed  in  the 
computer  simulation  as  long  as  the  mass  rsmains  within  its  nominal  stroke 
between  x  ■  0*  and  .020  in  In  the  event  the  mass  approaches  x  ■  o  at  a 

finite  velocity  the  rebound  will  not  be  simulated.  This  limitation  In 
the  computer  model  was  accepted. 


Analytical  Results 

The  governing  equations  were  solved  for  steady-state  and  transient 
cases  (Ref  4).  The  steady  state  results  were  obtained  using  Newton's 
iteration  technique.  The  transient  results  were  obtained  on  a  dltlgal 
computer  using  a  language  called  MIMIC  which  performs  analog  simulation. 

Two  models  of  the  "G"  Sensor  were  Investigated,  a  15G  and  a  30G  unit. 

Static  analysis  Is  desirsble  here  in  order  to  confirm  the  nominal 
value  of  the  scale  factor  (pressure  per  G  of  acceleration),  the  maximum 
iupply  pressure  needed  and  the  nominal  travel  of  the  seismic  aass  as  a 
function  of  acceleration.  The  steady-state  results  for  the  15G  model 
are  shown  in  Figure  12.  The  preseure  versus  acceleration  curve  was 
derived  from  the  steady  state  form  of  equatlon(l),  neglecting  friction. 

The  pressure  versus  displacement  was  derived  from  the  steady  state  form 
of  equation  (2).  The  nonlloearities  in  the  flow  equation  can  clearly  be 
seen  in  the  pressure-displacement  curve. 

The  transient  response  to  the  simultaneous  appllcstlon  of  supply 
pressure  and  a  10G  step  acceleration  is  shown  in  Figurs  13.  These 
results  represent  the  13G  instrument  which  did  cot  incorporste  damping. 

The  mathematical  model  was  represented  by  equations  (1)  and  (2) ;  equation 
(3)  was  omitted.  Regarding  the  hardware  this  means  that  both  A  tv  and  d  are 
sufficiently  large  so  that  ?2  "  P,. 
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The  operation  of  the  device  cen  be  Interpreted  directly  from  the 
figure.  When  the  riclng  chamber  preeeure  reaches  the  steady-state  value, 
the  mass  begins  to  move.  The  pressure  continues  to  rise  until  the  mass 
reaches  Its  steedy-state  displacement.  The  pressure  begins  to  decrease,  but 
Is  still  above  Its  steady-state  velue  and  the  displacement  of  the  mass 
continues  to  Increase.  As  the  pressure  drops  below  the  steady-state  value, 
the  displacement  of  the  mass  starts  to  decrease.  When  the  displacement 
of  the  mass  falls  below  the  steady-state  value,  the  pressure  begins  to  rise 
again  and  the  device  limit-cycles.  This  leg  between  the  pressure  rise  and 
mass  displacement  results  primarily  from  the  compressibility  of  the  fluid 
and  the  kinetic  energy  of  the  mass. 

The  second  instrument  was  designed  for  a  full  scale  range  of  30G. 

This  unit  Incorporated  damping  by  using  the  chamber  ebove  the  seismic 
mess  as  a  dashpot.  This  was  accomplished  by  reducing  the  head  clearance 
and  the  vent  area,  which  had  previously  admitted  ambient  pressure  to  the 
upper  side  of  the  seismic  mass.  A  comparison  of  the  trensient  analytical 
and  experimental  results  of  the  30G  unit  are  discussed  leter. 


"G"  SENSOR  TEST  PROGRAM 

Static  bench  testing  was  conducted  on  the  15G  Sensor  to  determine  the 
relationship  between  a  load  on  the  seismic  mass  and  the  diaphragm  pressure 
needed  to  support  this  load.  In  effect  this  test  provided  data  for  cal¬ 
culating  the  effective  area  of  the  diaphragm.  The  effective  area  was  usad 
in  the  analytical  model  also  to  compensate  for  the  effects  of  pressure 
gradient,  flow  forces  and  diaphragm  restraint. 

The  force  was  applied  by  means  of  a  threaded  rod  which  pushed  downward 
on  the  mass  of  the  sensor.  An  attempt  was  made  to  minimise  side  loading, 
thereby  minimizing  friction.  The  resulting  load  was  measured  by  a  weigh¬ 
ing  scale  on  which  the  sensor  was  placed.  At  specific  points  the  load  was 
read  simultaneously  with  a  reading  of  tho  pressure,  Pi,  and  a  graph  of  force 
versus  Pi  was  plotted.  The  slope  of  this  line  Is  the  numerical  value  of 
the  effective  area.  This  value  was  used  in  the  design  of  the  seismic  mass 
for  various  g-levels.  Based  on  these  data.  Figure  14  shows  the  plot  of  P^ 
versus  G  labeled  "characteristic  curve".  Also  shown  is  a  plot  of  data 
obtained  from  the  centrifuge  testing. 

Centrifuge  testing  was  performed  to  provide  a  known  acceleration  Input 
for  evaluating  the  G  Sensor.  The  G  Sensor  was  mounted  horizontally  at  the 
periphery  of  the  centrifuge  table.  Centrifuge  testing  was  performed  on 
both  G  Sensors  and  provided  most  of  the  data  from  which  the  G  Sensor 
characteristics  were  determined.  The  results  of  tests  on  the  13G  unit 
are  shown  on  Figure  14  along  with  the  "characteristic  curve",  a  linear 
function  derived  from  the  static  bench  tests.  The  differences  between  the 
two  curves  may  be  due  to  the  following  factors. 
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1.  Centrifuge  tuti  Include  friction  due  to  a  tide  force 
equal  to  the  weight  of  the  seismic  mess;  cherecterlstic 
curve  assumes  sero  side  force  (vertical,  static 
orientation).  Bence,  a  hyatereaie  effect  la  present 

in  the  first  case. 

2.  Bench  testa  were  conducted  with  a  special  barrel.  Hence, 
a  one  variation  nay  be  due  to  dimensional  variations 
between  this  special  barrel  and  the  unit  tested  on  the 
centrifuge. 

3.  Centrifuge  tests  impose  acceleration  loads  on  the  diaphragm 
which  tend  to  keep  it  flat  and  possibly  change  its  effective 
area,  thereby  increasing  the  slope  of  the  curve.  Static 
loading  tests  do  not. 

Dynamic  tests  on  a  30G  sensor  revealed  a  limit  cycling  phenomenon  as 
shown  in  Figure  IS.  In  an  attempt  to  eliminate  this  phenomenon,  damping 
was  added  by  utilising  the  chamber  above  the  mass  as  a  dashpot.  This 
was  accomplished  by  reducing  the  clearance,  d,  and  the  slse  of  the  vent  which 
previously  had  admitted  ambient  pressure  into  the  top  chamber. 

The  computer  program  was  revised  reflecting  the  addition  of  equation  (3) 
as  discussed  earlier.  Computer  results  with  varied  damping  conditions 
are  shown  in  Figure  16.  The  results  show  the  effect  of  the  top  vent  area, 
Agy,  on  the  damping  characteristics.  These  cases  can  be  compared  with 
the  experiments  as  follows: 

1.  Limit  cycling  -  the  experimental  cycling  frequency  from 
Figure  15  is  approximately  280  Hs.  This  compares  very 
closely  with  computed  results  (Figure  16a  Case  1). 

2.  Damping  -  the  transient  response  of  the  G  sensor  shown  in 
Figure  15  illustrates  the  effect  of  the  top  vent  and 
clearance  on  the  response  characteristic.  The  analytical 
results  of  Cases  1  and  IV  (Figures  16a  and  16b)  confirm 
the  effect. 

3.  Response  time  -  the  fastest  response  to  maximum  pressure 
in  Figure  15  is  approximately  15  msec,  while  the  computer 
runs  indicate  the  first  pressure  peak  in  time  periods 
between  1  and  4  msec.  This  difference  is  reasonable  when 
the  conditions  of  the  experimental  tests  are  considered. 

The  gas  flow  to  the  G  sensor  was  supplied  through  several 
feet  of  pneumatic  tubing  fittings  that  included  a  rotary 
coupling  and  a  solenoid  control  valve  which  necessarily 
was  remotely  mounted  on  the  bench.  Therefore,  there  was  a 
pneumatic  lag  in  the  experimental  system  while  the  computer 
runs  reflect  an  instantaneous  application  of  acceleration 
and  supply  pressure  at  the  inlet  port. 
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As  s  result  of  this  program  it  was  concluded  that  this  concept  of 
the  G  Sensor  was  feasible  as  a  naans  for  monitoring  the  propulsion  forces 
on  a  aissils  during  the  boost  phase.  Although  the  basic  design  is  prone 
to  Unit  cycle  when  damping  is  not  provided,  ample  evidence  both  analytical 
and  experimental  was  available  to  indicate  practical  solutions  to  this 
problem.  The  usa  of  the  top  chamber  volume  as  a  dashpot  is  a  simple 
remedy  which  does  not  require  any  additional  gas  consumption,  any  added 
site  or  weight  or  excessive  cost  for  manufacture. 

The  parametetlc  studies,  cantered  primarily  around  the  site  of  the 
supply  orifice  and  on  the  sise  of  the  top  vent,  have  indicated  the  effects 
of  these  variables.  Of  particular  significance  is  the  supply  orifice 
site  which  determines  the  gas  consumption  of  the  device.  These  studies 
showed  that  a  .010  orifice  can  be  used  in  the  sensor  with  acceptable 
results.  In  this  way  the  gas  consumption  is  extremely  small  (approximately 
1/20  cubl..  feet  per  minute)  which  is  at  leaat  an  order  of  magnitude 
less  than  required  by  other  air-operated  acceleration  sensors  (Ref  5) . 


CONCLUSION 


In  conclusion  we  have  illustrated  the  development  of  mathaawtlcal 
models  for  fluidic  devices,  using  the  example  of  a  fluidic  G  sensor.  The 
value  of  these  models  in  analysing  and  optimising  the  design  with  the  aid 
of  electronic  computers  has  also  been  demonstrated.  He  believe  that 
modeling  and  computer-aided  analysis  can  provide  the  insight  necessary  for 
the  successful  application  of  fluidic  devices  in  high-performance  systams. 
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Figure  1.  Physical  Model  of  the  G  Sensor 
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Figure  5.  dynamic  Effact  of  Sliding  Friction, 
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Figure  7.  G  Sensor  Setup  for  Loedlng  Tests 
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PNEUMATIC  RATE/ACCELERATION  SENSOR 
C.  J.  Bell*  and  L.  R.  Hester** 


I.  INTRODUCTION 

Wltn  the  advent  of  the  fluidic  amplifier,  fluidic  computation,  and 
fluidic  sensors  there  has  developed  considerable  Interest  In  the  appli¬ 
cation  of  all-fluidic  control  systems  to  aircraft  and  missiles,  (he 
area  In  this  application  that  has  presented  problems  and  has  Inspired 
considerable  development  work  Is  that  of  fluidic  rate  and  acceleration 
sensors.  These  sensors  are  a  necessary  and  vital  part  of  control 
systems  whether  they  are  used  for  stability  augmentation  cr  automatic 
controls.  Fluidic  rate  and  acceleration  sensors  have  utilized  many 
different  concepts  from  electro-mechanical  sensors  with  fluidic  inter¬ 
faces  to  pure  fluidic  sensors  such  as  the  vortex  rate  sensor. 

This  paper  Is  concerned  with  presenting  the  results  obtained 
from  a  prototype  rate/acceleratlon  sensor  that  utilizes  a  rotating 
solid  mass  for  sensing  rates  and  accelerations  and  through  a  somewhat 
unique  concept  provides  an  output  fluidic  signal.  This  device,  the 
pneumatic  rate/acceleratlon  sensor  (RAS),  has  been  under  development  at 
Mississippi  State  University  for  the  past  2  years.  The  device  Is  cap¬ 
able  of  sensing  two  angular  rates  and  three  linear  accelerations.  This 
paper  presents  only  the  preliminary  test  results  obtained  with  a  some¬ 
what  arbitrarily  selected  configuration  for  a  prototype.  Optimization 
with  regard  to  sensitivity,  compactness,  and  output  signal  levels  wculd 
require  considerable  further  development  work.  Nevertheless,  the  initial 
prototype  performance  Indicates  that  the  concept  Is  viable. 


II.  DESCRIPTION  OF  THE  PNEUMATIC  RATE/ACCELERATION  SENSOR 

The  pneumatic  rate/acceleratlon  sensor  (RAS)  consists  of  a  rotor 
supported  by  two  opposed  conical  air  bearings.  The  first  working  model 
of  the  device  may  be  seen  assembled  on  a  rate  table  for  testing  In 
Figure  1.  In  Figure  2,  the  major  components  of  the  device  are  shown. 
Figure  3  is  a  schematic  diagram  of  the  device. 

Referring  to  the  schematic,  the  device  functions  as  follows.  The 
rotor  Is  supported  on  the  air  films  between  the  stator  cones  and  the 
rotor  cones.  There  are  four  feed  orifices  spaced  90°  apart  around 
each  stator  cone  for  a  total  of  eight  feed  orifices.  These  feed  ori¬ 
fices  are  Individually  supplied  from  their  corresponding  feed  chambers. 
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The  feed  chambers  are  supplied  by  supply  orifices  which  are  connected  to 
common  supply  manifolds  In  each  stator  cone.  A  signal  port  from  each 
feeo  chamber  provides  the  primary  signal  plckoffs.  Assuming  a  constant 
supply  pressure  P$,  the  feed  chamber  pressures  PAj,  Pgk,  will  each  depend 

upon  the  rotor  cone  position  with  respect  to  the  stator  cones.  For  ex¬ 
ample,  If  the  device  Is  accelerated  In  the  y-dlrectlon,  pressures  PA1 

and  Pgl  will  rise,  while  pressures  PA3  and  Pg3  will  fall.  The  linear  ac¬ 
celeration  In  the  y-dlrectlon  Is  a  function  of  (PA1  +  Pgj)  -  (PA3  +  Pg3). 

With  proper  design,  the  linear  acceleration  will  be  proportional  to  the 
algebraic  sum  of  pressures  Indicated  above,  over  some  range  of  acceler¬ 
ation  level.  Linear  accelerations  In  three  mutually  perpendicular  direc¬ 
tions  may  be  obtained  by  summing  (algebraically)  the  proper  combination 
cf  signal  pressures. 

Consider  next  a  torque  acting  In  a  clockwise  direction  on  the  rotor 
and  about  the  z-axls.  Pressures  Pgi  and  PA3  will  rise  to  resist  this 

torque,  while  pressures  PA1  and  Pg3  will  decrease.  The  sum  (Pgi  +  PA3} 

'  (PB3  +  PA1}  will  be  a  function  of  the  torque  about  z.  A  torque  about 

z  arises  when  the  entire  device  Is  rotated  about  the  y-axls.  The  torque 
about  z  depends  upon  the  usual  gyro  parameters  of  rotor  speed,  rotor 
moment  of  Inertia  and  angular  velocity  about  y.  Of  course.  In  rotating 
the  unit  about  y,  a  torque  Is  also  Imposed  on  the  rotor  about  y.  However, 
the  precesslonal  torque  about  z  Is  much  larger  than  the  rotational  torque 
about  y  In  a  properly  designed  device.  A  similar  function  of  the  pres¬ 
sure  PA2,  Pg4,  PA4,  Pg2  will  yield  a  signal  which  Is  a  function  of  the 

angular  velocity  about  z. 

This  abbreviated  discussion  Indicates  how  fluid  signals  are  gen¬ 
erated  by  the  RAS.  These  pressure  signals  must  be  processed  by  the  ap¬ 
propriate  fluidic  circuits.  The  circuitry  for  each  output  signal  desired 
consists  basically  of  differential  summing  amplifiers  followed  by  any 
additional  stages  of  proportional  amplification  required.  A  typical 
network  for  angular  rate  sensing  Is  shown  In  Figure  4. 


III.  EXPERIMENTAL  SYSTEM  AND  RESULTS 

The  RAS  was  mounted  on  a  rate  table  as  shown  In  Figure  1.  The 
table  was  powered  by  a  O.C.  motor,  and  the  angular  rate  was  determined 
with  a  frequency  counter.  The  RAS  was  mounted  so  that  the  orienta¬ 
tion  of  the  y-axls  (see  Figure  3)  with  respect  to  the  axis  of  rotation 
of  the  table  could  be  set  at  any  angle  from  0°  to  90e. 

The  output  signals  from  the  device  were  processed  by  a  summing 
amplifier  as  shown  In  Figure  4.  Each  summing  amplifier  was  followed 
by  a  single  stage  proportional  for  further  amplification.  The  tests 
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reported  have  Included  fluidic  circuits  for  two  angular  rates  only.  Lin¬ 
ear  acceleration  tests  have  not  been  conducted. 

In  order  to  record  the  outputs,  the  fluidic  signal  from  the  final 
amplifier  In  each  channel  was  fed  to  a  Kullte  pressure  transducer,  through 
a  preamp  and  finally  to  a  Sanborn  320  dual  channel  recorder. 


Results  and  Conclusions:  The  output  versus  Input  results  for  the  RAS  as 
an  angular  rate  sensor  are  shown  fn  Figures  5  and  6.  In  Figure  5,  the 
outputs  about  the  principle  axis  of  rotation  are  shown  for  the  cases  of 
rotation  about  the  device  y-axls  and  the  device  z-axls.  Results  for 
rotational  of  the  device  about  an  axis  mid-way  between  the  RAS  y  and  z 
axes  are  presented  In  Figure  6. 

As  Indicated  by  Figure  5,  the  sensitivity  about  each  axis  Is  essen¬ 
tially  linear  up  to  15  degrees  per  second.  The  somewhat  erratic  results 
beyond  the  15  deg/sec  point  could  be  due  to  limitations  of  this  prototype, 
to  limitations  of  the  data  gathering  system,  or  to  limitations  of  the 
fluidic  signal  processing  circuitry.  No  attempt  has  been  made  to  deter¬ 
mine  which  of  these  segments,  If  any,  contributes  most  to  this  behavior. 
One  facet  of  the  device  performance  which  Is  not  Indicated  In  Figure  5 
Is  that  of  crossfeed.  The  raw  data  Indicated  that  with  rotation  about, 
say,  the  y-axls,  there  Is  approximately  10X  crossfeed  Into  the  z-axls. 

The  RAS  was  subjected  to  angular  rotation  with  zero  rotor  speed,  and  no 
output  signal  could  be  detected  during  this  test.  It  appears,  therefore, 
that  Increased  precision  In  manufacture  and  mounting  can  virtually  elim¬ 
inate  any  crossfeed  between  axes. 

In  Figure  6,  the  simultaneous  outputs  from  both  the  y  and  z  axes 
are  presented  for  rotation  about  an  axis  at  45°  to  y  and  z.  There  are 
two  Important  characteristics  Indicated  from  this  data.  First,  the  RAS 
can  resolve  an  angular  rate  In  a  plane  Into  Its  two  components.  However, 
the  outputs  are  not  proportional  to  the  angles  of  orientation  of  re¬ 
spective  axes. 

The  tests  of  this  prototype  RAS  Indicate  that  It  Is,  In  principle, 
a  feasible  concept  for  angular  rate  sensing.  It  Is  also  clear  that 
further  work,  analytical  and  experimental.  Is  required  before  the  device 
can  be  conmerlcally  useable. 


Figure  2.  Major  Components  of  RAS 


Fluidic  Circuit  For  One  Angular  Rate  Signal 


Rotation  About  Sensitive  Axe! 


Figure  6.  Outputs  For  RoUtlon  About  Axes  45°  to  RAS  Sensitive  Axes 


FLUIDIC  NONCONTACT  GAGING 


W.  R.  Schurman 
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ABSTRACT 


A  fluidic  noncontact  method  of  gaging  using  low  pressure  air 
(less  than  1  psig)  was  developed  for  measuring  compacted 
powder  heights  of  loaded  detonators.  Conventional  air  gages 
which  used  air  flow  Indicators  and  back  pressure  sensors  were 
investigated;  however  the  minimum  recommended  operating 
pressure  of  5  psig  of  gages  of  this  type  would  disturb  the 
compacted  powder  surface. 

Two  gaging  systems  using  extremely  low  back  pressures  coupled 
with  a  fluidic  logic  network  were  built  and  evaluated.  Maxi* 
mum  sensing  pressure  and  optimum  gaging  distance  were  estab¬ 
lished.  Tooling  for  gaging  the  compacted  powder  heights  for 
two  different  loaded  detonators  was  developed.  The  relation¬ 
ship  of  back  pressure  and  powder  heights  was  determined  over 
a  0.003  in.  range.  One  fluidic  gage  was  outfitted  with  a 
five-stage  proportional  amplifier.  Another  gage  used 
fluidic  indicator  lights  to  indicate  parts  which  were  in 
tolerance,  above  tolerance,  or  below  tolerance.  The  gages 
were  also  outfitted  with  a  precision  pressure  transducer  and 
digital  display  graduated  in  0.001  psig  divisions  for  obtain¬ 
ing  actual  back  pressure  readings.  Other  applications  which 
could  take  advantage  of  gaging  and  sensing  at  extremely  low 
pressures  as  they  apply  to  detonator  fabrication  were  also 
investigated. 


*Mound  Laboratory  is  operated  by  Monsanto  Research  Corporation 
for  the  U.  S.  Atomic  Energy  Commission  under  Government 
Contract  No.  AT- 33- 1-GEN- 53. 
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INTRODUCTION 


Since  its  introduction  in  the  late  1920's,  gaging  of  com¬ 
ponents  with  air  has  been  widely  used  on  single  repetitive 
measurements  as  well  as  on  many  automatic  multiple  inspec¬ 
tions  where  the  inspection  department  is  essentially  part 
of  the  production  line.  With  automatic  gaging,  the  parts 
are  continually  inspected  and  corrective  actions  can  be  made 
by  automatic  machines.1  Air  gaging  has  been  used  to  measure 
such  conditions  as  diameter,  out-of-roundness ,  bevels,  taper, 
concentricity,  center  distances,  camber,  parallelism,  shaft 
runout,  squareness,  etc.  In  the  past  all  air  gaging  was 
performed  with  a  supply  pressure  of  5-20  psig.  However, 
with  the  advent  of  fluidics,  low  pressure  sensing  and 
fluidic  amplification  have  become  possible.  The  new  tech¬ 
niques  of  fluidic  switching  and  amplification  provide 
additional  versatility,  range,  and  precision  to  air  gaging. 
Back  pressure  sensing  with  pressures  less  than  1.0  psig  are 
used  in  fluidic  gaging.  Noncontact  gaging  is  necessary  when 
powder  surfaces  or  delicate  electronic  surfaces  must  be 
gaged.  Fluidic  noncontact  gaging  appears  to  fulfill  this 
requirement  in  certain  applications.  In  its  broadest  defini¬ 
tion,  gaging  is  the  art  of  determining  the  size  of  an  object, 
the  quantity  thereof,  or  capacity.  Techniques  used  to 
sense  size,  position,  flow,  level  (liquid  or  solids),  etc. 
are  considered  to  be  included  in  this  broad  field  of  gaging. 


BASIC  OPERATION  OF  CONVENTIONAL  AIR  GAGES 


Throughout  their  history,  air  gages  have  proven  to  be  an 
extremely  accurate  method  of  determining  single  and  multiple 
dimensions.  Ease  of  operation  and  calibration,  coupled  with 
relatively  low  cost  and  endurance,  are  some  of  the  reasons 
for  their  widely  accepted  use.  The  basic  operation  of  con¬ 
ventional  air  gaging  is  relatively  simple;  however,  it  should 
be  thoroughly  understood  in  order  that  an  intelligent  com¬ 
parison  can  be  made  between  it  and  fluidic  gaging. 

In  its  simplest  form  the  heart  of  the  most  popular  air  gag¬ 
ing  instrument  is  essentially  an  air-flow  indicator.  An  air 
supply  of  60  to  125  psig  is  supplied  to  the  instrument 
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through  a  filter  and  regulator.  The  air  is  regulated  to 
approximately  10  psig  and  flows  through  a  glass  or  plastic 
tube  where  it  suspends  a  float.  The  float  rises  and  falls 
in  the  tube  as  determined  by  the  air  flow  through  the  tube. 

A  hose  is  connected  from  the  top  of  the  tube  to  the  gage  head 
itself.  Rate  of  air  flow,  as  indicated  by  the  position  of 
the  float  in  the  column,  is  proportional  to  the  clearance 
between  the  gage  head  and  the  work  being  measured.  The 
gage  is  calibrated  by  determining  the  upper  and  lower 
float  positions  which  represent  the  maximum  allowable 
tolerance  limits. 

At  first  glance  the  gage  head,  normally  used  to  check  an 
internal  diameter,  physically  resembles  a  common  plug  gage; 
however,  it  has  a  central  air  passage  with  a  aeries  of  air 
jets  exiting  at  its  diameter.  When  inserted  into  the  hole 
to  be  checked,  the  gage  checks  the  true  diameter  of  the  hole 
based  on  the  clearance  between  the  gage  head  and  the  inside 
diameter  of  the  hole.  The  larger  the  diameter  the  greater 
the  air  flow;  therefore,  the  float  will  rise  in  the  tube. 

A  typical  system  of  this  type,  shown  in  Figure  1,  can  also 
be  adapted  for  making  external  diameter  checks  as  well  as 
other  dimensional  checks. 

Another  widely  used  air  gaging  instrument  uses  the  back 
pressure  sensor  in  conjunction  with  a  dial  indicator.  It  is 
connected  to  an  air  supply  through  a  filter  and  regulator. 
Supply  air  is  regulated  to  approximately  20  psig.  The  indi¬ 
cator  is  essentially  a  limited-range  bourdon  tube  which 
immediately  shows  the  back  pressure.  As  in  the  case  with 
the  flowmeter  gage,  the  pressure  changes  are  determined  by 
the  clearance  between  the  gage  head  and  the  component  being 
measured.  Extremely  fast  responses  and  remote  sensing  are 
advantages  of  a  liquid- filled  bourdon  tube.  A  typical  back 
pressure  gage  used  for  checking  an  internal  diameter  is 
shown  in  Figure  2. 


COMBINING  FLUIDIC  LOGIC  WITH  BACK  PRESSURE  SENSORS 


When  gaging  small  delicate  surfaces,  we  are  usually  faced 
with  the  problem  of  sensing  a  physical  parameter  with  ex¬ 
tremely  low  pressure  air  and  minute  air  flows  and  of  ampli¬ 
fying  the  signal  to  achieve  a  working  output.  Fluidics  can 
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be  quite  satisfactorily  combined  with  back  pressure  sensors 
to  amplify  the  low  back  pressure  signal. 

The  sensor  uses  a  flow  of  air  which  is  filtered,  regulated, 
and  metered  through  an  orifice.  The  output  of  the  sensor, 
which  is  back  pressure  in  the  line,  is  proportional  (over  a 
limited  range)  to  the  distance  of  the  item  being  gaged  from 
the  orifice. 

Back  pressure  sensors  are  considered  proximity  switches  be¬ 
cause  it  is  not  generally  necessary  that  complete  closure 
of  the  sensing  port  occur  in  order  to  obtain  an  output 
signal.  It  should  be  understood,  however,  that  the  back 
pressure  method  is  generally  limited  to  distances  of  less 
that  1/4  the  probe  diameter.  Figure  3  shows  a  typical 
relationship  between  back  pressure  and  the  distance  of  the 


object  being  gaged.  As  shown,  the  back  pressure  output 
signal  generated  varies  inversely  with  the  gaged  distance 
and  directly  with  the  supply  pressure  (over  a  limited  range) . 

Back  pressure  venturi  devices2  can  be  custom  designed  for 
sensing  or  gaging  small,  precision  parts  and  powdery  sur¬ 
faces  as  well  as  liquid  surfaces.  The  venturi  nozzle  shown 
in  Figure  4  has  the  ideal  geometry  for  back  pressure  sensing. 
It  should  be  noted  that  the  diameter  of  the  sensing  orifice 
"d"  should  be  approximately  five  times  the  sensing  distance 
of  "D". 

The  coupling  of  low  pressure  fluidic  elements  to  perform 
signal  amplification,  digital  switching,  and  logic  functions 
provides  wider  versatility  and  range  to  air  gaging  appli¬ 
cations  which  use  back  pressure  heads. 

It  is  possible  to  combine  the  r-op°*tional  amplifier  with 
the  back  pressure  sensors  to  achieve  a  pressure  amplifica¬ 
tion  of  up  to  several  hundred  to  one. 3  A  simple  example  of 
this  is  shown  in  Figure  5.  This  system  as  shown  consists  of 
a  needle  valve,  a  pressure  chamber,  and  the  sensing  orifice. 


FIGURE  4  -  Idea]  nozzle  geometry  for  back  pressure  sensing. 
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FIGURE  5  -  Combination  of  back  pressure  sensor 
with  proportional  amplifier. 

The  component  being  gaged  is  slid  under  the  orifice;  it 
partially  impedes  the  flow  of  air  from  the  orifice  causing 
a  rise  of  pressure  in  the  sensing  chamber  thereby  increas¬ 
ing  the  pressure  in  the  control  jet  of  P/A.  The  output 
from  02  of  P/A  can  then  be  further  amplified  by  cascading 
with  other  proportional  amplifiers. 

A  Go/No  Go  indication  can  be  accomplished  by  converting  the 
analogue  output  of  the  proportional  amplifiers  to  a  digital 
signal.  A  system  of  this  type  is  shown  in  Figure  6.  In 
this  example  the  low  pressure  leg  of  the  proportional  ampli¬ 
fier  is  used  to  determine  when  the  part  is  at  its  tolerance 
limit.  The  OR/NOR  gages  O/Nj  and  0/N3  are  held  in  a  switched 
condition  (output  02)  when  an  in  tolerance  part  is  being 
gaged.  If  the  part  varies  out  of  tolerance,  O/Nj  and  0/N, 
will  switch  to  0,  indicating  a  reject  component.  The  entire 
tolerance  band  can  be  shifted  by  adjusting  the  bias  on  the 
needle  valve  Nj.  The  high  and  low  limits  can  be  shifted 
by  adjusting  N2  and  N3.  For  example,  closing  N2  will  raise 
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■  Surface  being  gaged 
.  i —  Gage  head 


rGege  head  with 
built-in  matter 


First  stage  of  cascaded  amplifier 


FIGURE  7  -  Fluidic  comparative  gaging 


These  examples  show  sons  of  the  gaging  systems  which  are 
possible  whan  back  pressure  sensing  is  combined  with 
fluidic  amplification.  In  most  cases  the  descriptions 
given  are  brief  to  show  only  the  basic  operating  principles. 


FLUIDIC  NONCONTACT  POWDER  HEIGHT  GAGE  WITH  VISUAL 
ACCEPTANCE  INDICATOR  -  CASE  HISTORY 


An  important  physical  parameter  requiring  measurement  during 
the  manufacture  of  detonators  is  the  explosive  powder  exten¬ 
sion  (Figure  8) .  This  measurement  must  generally  be  con¬ 
trolled  and  verified  within  several  thousands  of  an  inch. 
Techniques  used  for  the  measurements  of  the  heights  of  the 
extremely  fluffy  powder  in  loaded  detonators  have  remained 
virtually  unchanged  since  the  original  gaging  method  (the 
"snake  eye"  gage)  was  developed  in  the  1950's.  This  gage 
(Figure  9)  consists  of  a  cup  which  has  two  protruding  pins 
whose  lengths  match  the  maximum  and  minimum  allowable  powder 
extension.  The  pressed  powder  height  is  gaged  by  placing 
the  snake  eye  gage  over  the  loaded  cylinder.  The  loading 
would  then  be  microscopically  inspected  and  the  presence  of 
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FIGURE  8  -  Location  of  explosive  powder  measurement. 
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Pin  lengths  match  tha  maximum 
and  minimum  powder  axtamian 


2rE  *  :  ®nake  eye  gage  used  for 
powder  height  verification. 
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A  back  pressure  head  was  designed  which  would  not  contact 
the  critical  powder  surface.  This  design,  shown  in  Figure 
10,  incorporated  an  adjustable  center  probe  and  an  outside 
retainer  which  would  reference  on  a  noncritical  area  of  the 
component  being  gaged.  Air  was  supplied  to  the  slightly 
recessed  center  probe  where  it  would  exit  along  the  powder 
surface  being  gaged.  Air  escapement  flutes  along  the  side 
of  the  retainer  would  allow  the  air  to  exit  unrestricted. 

Prior  to  finalizing  the  design,  a  development  study  was 
undertaken  to  establish  the  optimum  gaging  parameters  such 
as  orifice  diameter,  gaging  distance,  air  escapement  size, 
and  gaging  pressure.  The  original  prime  design  requirements 
for  this  gage  were  that  it  1)  would  not  contact  the  powder; 
2)  would  gage  a  part  in  not  more  than  15  sec;  3)  could  be 
operated  by  unskilled  personnel;  4)  would  give  visual  indi- 
cation  of  the  condition  of  the  part,  i.e.,  in  tolerance; 

5)  would  be  portable;  and  6)  could  be  easily  calibrated 
and  maintained.  A  simplified  block  diagram  of  this  gage  is 
shown  in  Figure  11.  Some  of  the  design  parameters  selected 
were  the  sensing  orifice  at  0.052  in.,  the  sensing  distance 
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FIGURE  11  -  Block  diagram  of  a  powder  height  gage. 

at  0.010  In.,  and  the  back  pressure  at  0.100  psi.  The  pres¬ 
sure  distance  relationship  was  also  established  with  sensor 
pressure  varying  from  0.050  to  1.0  psig.  As  a  result  of 
these  studies  a  fluidic  noncontact  powder  height  gage  was 
designed  for  measuring  the  explosive  powder  extension  in  a 
detonator.  The  gage  tfilch  was  built  is  shown  in  Figure  12. 
In  actual  use  fluidic  indicator  lights  visually  indicate 
whether  the  component  being  gaged  is  in  or  out  of  tolerance. 

Calibration  with  masters  was  used  to  establish  the  relation¬ 
ship  between  back  pressure  and  simulated  powder  extension. 
This  relationship,  is  shown  in  Figure  13.  The  masters 
(Figure  14)  were  fabricated  from  hardened  steel  in  a  con¬ 
figuration  to  match  the  detonator  being  gaged.  In  order  to 
calibrate  the  gage  accurately,  it  was  interfaced  with  a 
precision  transducer  and  digital  pressure  display  which  had 
a  full  scale  reading  of  2.0  psig  graduated  in  0.001  psi 
increments . 
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FICURE  13  -  Calibration  curve  obtained  with  ateel  masters. 
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gage  calibration 


When  a  below  tolerance  maeter  was  In  the  nest,  the  set 
point  on  the  Schmitt  trigger  was  set  to  indicate  "Below 
Tolerance."  A  similar  procedure  was  followed  when  setting 
the  Schmitt  triggers  for  "in  tolerance"  and  "above  tolerance" 
conditions  as  shown  by  the  indicator  lights. 


FLUIDIC  POWDER  HEIGHT  GAGE  WITH  PROPORTIONAL  AM?I  J7IERS 

CASE  HISTORY 


There  were  stability  problems  associated  with  adjusting  the 
set  points  of  the  Schmitt  triggers  and  with  production  drifts 
of  the  powder  extension  that  could  not  be  detected  in  time  to 
make  necessary  tooling  adjustments. 

Because  of  the  low  back  pressures  involved,  direct  reading 
of  the  back  pressure  was  not  attempted  in  production  use. 

The  unique  feature  of  the  proportional  amplifier,  i.e.,  to 
amplify  a  low  level  signal,  was  used  in  the  design  of  an 
improved  powder  height  gage  where  the  actual  b*ck  pressure 
could  be  monitored.  The  improved  design  also  eliminated 
drifting  set  points  on  the  Schmitt  triggers.  This  gage 
incorporated  a  Coming  5-stage,  3- input  summer  with  fixed 
resistors  giving  pressure  gains  (G_)  of  2,5,  or  10.  This 
summer  (proportional  amplifier)  isFshown  schematically  in 
Figure  17.  The  pressure  at  output  #2  (Po?)  is  expressed  in 
the  following  equation:4 


?0?  -  2.45  Pe2  +  5.13  Pc,  +  11.0  Poft  -  1.15  Pe,. 


where  the  flow  rates  of  the  fixed  resistors  are  listed  as 
follows : 

Q  of  R,  -  14.3  std.  em’/min 

Q  of  Rl?  -  35.0  std.  cmVmin 

Q  of  R  ■  73.4  std.  cmj'min 

Q  of  Rlr,  ■  16.4  std.  cir.Vmin 

Q  of  R  l6  -  157.7  std.  cm*/min 

The  actual  P02  to  Pe  relationship  as  supplied  by  Corning  is 
shown  in  Figure  18.  An  amplification  Gp  of  up  to  10X  is 
noted. 
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Flow  ratal  af  (l«*<  Nilitwi: 
Oaf  R,  ‘  14.3  SCCM 
Qof  Rlj*|5.0  SCCM 
0  af  Ri4  =  73.4  SCCM 
Oaf  Rij  =  16.4  SCCM 
Q  af  Rl|  *-•  1S6.7  SCCM 

PeJ=  2.45  Pe^  5.13  Rr4 
♦  11.0  PC£  -  1.15  PeS 


FIGURE  17  -  Three  input  summer  circuit  (proportional 
amplifier)  with  fixed  gains. 
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FIGURE  18  -  Relationship  of  control  input 
output  of  proportional  amplifier. 
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to  pressure 


With  the  use  of  the  P/A,  then  the  relatively  small  AP  of 
0.100  from  the  back  pressure  head  during  aging  can  be 
amplified  up  to  a  much  higher,  more  readable  level,  detected 
with  a  precision  transducer  and  displayed  on  a  digital  dis¬ 
play. 

The  powder  height  gage  which  Incorporated  the  P/.A  is  shown 
in  Figure  19.  After  the  operator  places  the  component  to 
be  gaged  in  the  nest,  the  operator  depresses  the  start  button 
The  air  cyclinder  lowers  the  gage  head;  the  amplified  back 
pressure  is  then  indicated  on  the  digital  display.  The  con¬ 
trol  circuit  which  was  designed  for  this  gage  is  shown  in 
Figure  20.  With  the  use  of  the  selector  valves  the  opera¬ 
tor  can  select  amplifications  of  0,  2,  5,  and  10. 

The  actual  calibration  curves  at  the  various  amplification 
levels  using  hardened  steel  masters  are  shown  in  Figure  21. 
From  these  curves,  tables  showing  the  back  pressure  and 
corresponding  powder  extension  were  established.  An  opera¬ 
tor  can  use  the  tables  to  determine  the  actual  powder  height 
after  reading  the  back  pressure.  A  binary-coded  decimal 
output  on  the  digital  display  also  allows  the  option  for 
interfacing  with  a  computer,  punched  cards,  or  punched  paper 
tape  for  more  permanent  recording  or  computation. 


OTHER  APPLICATIONS  OF  FLUIDIC  GAGING 


The  combination  of  back  pressure  gaging  with  fluidic  logic 
affords  many  advantages  over  other  gaging  methods.  One  major 
advantage  for  use  in  inspection  of  high  explosive  pellets  and 
pressings  is  that  no  electrical  accessories  are  required.  A 
partial  list  of  applications  which  relate  to  detonator  fabri¬ 
cation  include  measurements  of  pellet  heights,  pellet  diam¬ 
eters,  depth  to  powder,  well  depth,  liquid  levels,  and  powder 
surface  area.s  The  techniques  used  are  all  similar  and  major 
differences  occur  only  in  fixturing  and  tooling.  Some  of 
these  applications  will  be  briefly  described. 

Measurement  of  Pellet  Height  Explosive  pellet  heights  are 
measured  by  the  combination  of  back  pressure  sensors  and 


FIGURE  20  -  Contrcl  circuit  designed  for  powder  height 
gage  with  proportional  amplifier. 
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FIGURE  21  -  Calibration  curves  at  amplification 
of  0,  2,  5,  and  10. 
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fluidic  logic.  A  system  of  the  type  shown  in  Figure  22 
gages  pellet  height  without  contacting  the  pellets.  This 
system  consists  of  a  gage  head  where  the  pellets  are  inspec¬ 
ted  and  a  nest  which  holds  the  pellet.  The  Inspection  gage 
head  is  connected  to  an  identical  gage  head  with  a  permanently 
installed  master  which  serves  as  a  standard. 

The  outputs  of  these  gage  heads  are  then  fed  into  a  staged 
amplifier  cascaded  to  the  OR/NOR  elements  O/Ni,  0/N2,  and 
0/N)  .  When  an  acceptable  pellet  is  in  the  gage  head,  ele¬ 
ments  O/Ni  and  O/Nj  are  held  in  a  switched  condition  (i.e., 
output  02)  and  0/N2  shows  an  in- tolerance  pellet.  If  an 
unacceptable  pellet  is  in  the  gage  head  elements,  the  outputs 
of  elements  0/N2  and  O/Ni  or  0/N3  switch  and  indicate  an  out- 
of- tolerance  condition.  The  tolerance  limits  can  be  ad¬ 
justed  by  adjusting  needle  valves  Nt  and  N2  .  An  inspection 
system  of  this  type  is  easily  mechanized  and  could  be  inter¬ 
faced  into  the  operation  of  the  press. 

The  above  system  provides  simple  accurate  gaging  without 
expensive  gaging  equipment.  There  are  no  moving  parts  as 
such  in  the  fluidic  gaging  circuit.  With  a  three-stage 
proportional  amplifier,  it  is  possible  to  determine  pellet 
height  with  an  accuracy  of  0.0001  in.  depending  on  the  range 
being  measured, 

A  similar  system  could  be  employed  to  determine  pellet 
diameter.  Identical  in  operation,  the  only  major  difference 
would  be  the  gage  head  itself. 

Depth-To-Powder  Gage  The  powder  in  many  detonators  is  pressed 
to  a  recessed  condition  for  later  placement  of  a  high  density 
pellet.  The  measurement,  commonly  referred  to  as  the  "depth- 
to-powder"  dimension,  has  been  taken  with  contact  methods 
such  as  snake  eye  gages,  ball-operated  variable  resistors, 
and  feather-touch  dial  indicators.  A  modification  to  the 
gage  design  described  in  previous  sections  is  used  to  measure 
recessed  powder  heights.  An  example  of  how  this  is  incor¬ 
porated  is  shown  in  Figure  23.  A  gage  head  fabrication 
with  a  known  machined  step  would  reference  against  the  end 
of  the  cylinder;  however,  the  step  length  would  be  slightly 
less  (0.010  in.)  than  the  maximum  depth- to-powder.  During 
gaging  the  back  pressure  readings  correlate  to  the  actual 
powder  height.  The  back  pressure  received  is  connected  to 
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FIGURE  22  -  Gaging  system  for  measurement  of  explosive  pellet  height 


ftuy  wlotud  supply 


FIGURE  23  -  Gaging  of  depth  to  powder  of  loaded  cylinder. 

a  proportional  amplifier  and  coupled  to  a  digital  display. 

The  gage  head  la  machined  with  air  escapement  flutes  along 
the  sides  so  that  the  air  can  escape  freely.  This  technique 
can  be  used  to  measure  compacted  powder  heights,  either 
extended  or  recessed.  A  noncontact  method  of  gaging  which 
will  not  disturb  the  powder  is  necessary  in  the  manufacture 
of  many  small  bore  detonators  where  even  a  minute  disturbance 
in  the  powder  surface  can  be  of  significant  size  compared  to 
the  total  area  of  the  exposed  powder  surface. 

Well  Depth  Gage  Well  depth  measurements  of  detonators  have 
been  taken  with  dial  indicator  or  Sheffield  Precisionaire1 
air  gages  where  a  properly  designed  tip  is  lowered  into  the 
well  contacting  the  surface  being  gaged.  In  most  cases  the 
tip  is  shaped  to  avoid  contact  with  areas  which  could  be 
damaged.  This  method  has  become  unacceptable  when  the 
measurement  must  be  taken  from  delicate  vapor-deposited, 
printed-circuit,  or  silk-screened  surfaces  trtiich  should  not 
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be  contacted  or  marred,  A  probe  auch  aa  shown  in  Figure  24 
was  machined  with  dimension  "A"  adjusted  to  0.010  in.  less 
than  the  minimum  allowable  well  depth.  When  the  probe  is 
inserted  into  a  well  and  connected  to  an  air  supply,  the 
back  pressure  which  is  obtained  indicates  the  well  depth  as 
previously  described. 

Some  of  the  various  probes,  nests,  and  masters  which  have 
been  used  in  these  applications  are  shown  in  Figure  25. 
Because  of  the  versatility  fluidic  gaging  offers,  most  of 
the  probes  were  used  with  the  same  gage  console  which  used 
the  proportional  amplifier.  Some  of  the  advantages  and  dis¬ 
advantages  of  fluidic  gaging  as  compared  to  other  noncon¬ 
tact  measurement  systems  are  shown  in  Table  1. 


CONCLUSIONS 


Fluidics  offers  many  advantages  to  assist  in  the  gaging  of 
small  precision  components,  powder  surfaces,  and  delicate 
surfaces.  One  of  the  major  advantages  is  that  the  gaging 
pressure  and/or  flow  can  be  directly  connected  to  the  fluidic 
logic  elements.  Speed  is  another  advantage;  fluidic  ampli¬ 
fiers  can  react  to  changes  in  input  in  approximately  1  msec. 
This  eliminates  delay  times  which  means  high  speed  gaging 
can  be  accomplished.  Other  advantages  such  as  no  moving 
parts  and  inherit  insensitivity  to  temperature  extremes, 
shock,  and  vibration  are  also  beneficial  in  eliminating  down¬ 
time  and  maintenance. 
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FIGURE  24  -  Details  of  nozzle  used  for  measurement  of  well  depth. 


FIGURE  25  -  Various  probes  nests,  and  masters  used  for  pellet  heights,  well  depths 
and  powder  height  measurements. 


Table  1 


COMPARISON  OF  FLUIDIC  WITH  OTHER  NONCONTACT  GAGING  METHODS 


Light 


Design 

Feature 

Fluidic 

Gage 

Section 

Microscope 

Capacitance 

Gage 

Light 

Reflection 

Initial  Cost 

$1,200 

$2,500 

$1,500  up 

$2,000  up 

Gage  Tine 
Maximum 

10  sec 

3  nln 

5  sec 

5  sec 

Operator 

Manual  or 
Automatic 

Skilled 

Manual 

Manual  or 
Automatic 

Manual  or 
Automatic 

Effect  of  Sur¬ 
face  Being 
Measured 

Should  be 

relatively 

smooth 

Independent 
of  surface 

Very  dependent 
upon  material 

Very  dependent 
upon  surface  and 
color 

Accuracy 

0.000050 

0.000050 

0.0001 

0.0001 

Adaptable  to 
Multiple  Gage 
Head 

Yes 

No 

No 

No 

Can  be  Coupled 
to  E.D.P. 

Yes 

No 

Yes 

Yes 

Gage  Distance 
(in.) 

<0.010 

<0.007 

<0.030 

<0.030 

Remote  Gage 
Possible 

Yes 

No 

Yes 

Yes 

Warm  Up  Time 

None 

None 

10-15  min 

10-15  min 

Explosion 

Proofing 

None 

Required 

Available  at 

additional 

expense 

Available  at 

additional 

expense 

Available  at 

additional 

expense 
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ABSTRACT 


This  paper  la  concerned  with  a  fluidic  speed  sensor  consisting  of 
a  submerged  fluid  jet  and  a  rotating  disk.  The  jet  is  parallel  to  the 
rotational  axis  of  the  disk  and  near  its  periphery.  The  fluid  velocity 
produced  by  the  disk  rotation  deflects  the  jet  and  changes  the  recovery 
pressure  at  a  downstream  receiver.  In  this  effort,  performance  of  the 
speed  sensor  is  studied  experimentally  using  hydraulic  oil  as  a  working 
fluid  and  an  analytical  procedure  similar  to  that  suggested  by  Katz  and 
Haatie  is  applied  to  estimate  that  performance. 

The  remainder  of  the  paper  deals  with  a  breadboard  application  of 
the  speed  sensor  controlling  the  output  speed  of  a  hydrostatic  trans¬ 
mission.  The  speed  sensor  signal  is  compared  to  the  desired  output 
speed  in  a  pilot  operated  valve  which  drives  a  ram  adjusting  the  dis¬ 
placement  of  the  transmission  pump.  The  dynamic  design  of  this  feed¬ 
back  controller  is  considered  and  ideal  and  actual  transient  responses 
of  the  system  are  compared. 


^Presently:  Design  Engineer,  Zlnsco  Electrical  Products,  Division  of 
GTE-Sylvania,  Hampton,  Virginia. 
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INTRODUCTION 
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Rotational  speed  has  been  controlled  by  fluid  power  in  many 
applications  employing  various  approaches  for  sensing  and  control.  In 
a  traditional  controller  arrangement  described  by  Raven  [1],  engine 
speed  is  sensed  mechanically  by  a  fly  ball  governor  and  that  signal  is 
transferred  to  a  hydraulic  actuator  which  adjusts  the  engine  throttle. 
Latson  et  al.  [2]  have  controlled  a  hydromechanical  transmission  to 
maintain  good  prime  mover  performance  by  maintaining  a  desired 
transmission  input  speed  at  varied  output  speeds.  A  hydraulic  pump  was 
employed  as  the  rotational  speed  sensor.  In  a  similar  application,  Reid 
and  Woods  [3]  have  utilized  an  air  powered  fluidic  speed  sensor  (based 
on  frequency  to  analog  conversion)  and  a  pneumo-hydraulic  servovalve  in 
the  control  of  a  hydrostatic  transmission.  Boothe  et  al.  [4]  have 
described  the  use  of  phase  discrimination  techniques  for  the  control  of 
rotational  speed  and  have  developed  air  powered  fluidic  controllers 
using  that  approach. 

The  purpose  of  this  paper  is  to  Investigate  the  application  of  a 
hydraulic  fluidic  sensor  for  the  control  of  rotational  speed.  The 
sensing  principle  to  be  considered  is  based  on  the  air  operated  device 
studied  by  Leathers  and  Davis  [5]  and  shown  schematically  In  Figure  1. 
Fluid  moving  in  the  boundary  layer  attached  to  the  rotating  disk  inter¬ 
acts  with  the  jet  flowing  near  the  disk  from  source  to  receiver  and  re¬ 
duces  the  recovered  pressure.  As  the  disk  speed  Increases,  the  jet 
deflection  Increases  and  the  recovered  pressure  decreases. 

A  similar  air  powered  sensor  has  also  been  proposed  by  Katz  and 
Hastle  [6]  for  application  to  machines  containing  spur  gears.  In  this 
sensor  the  jet  is  directed  as  in  Figure  1  but  Instead  of  flowing  near 
the  disk  edge,  the  jet  passes  through  the  path  of  the  rotating  gear 
teeth.  Recovery  pressure  is  either  zero  (when  a  tooth  is  in  the  path) 
or  equal  to  the  pressure  recovered  from  the  jet  which  is  being  deflected 
by  the  velocity  of  fluid  trapped  between  the  rotating  teeth.  The  output 
Circuit  filters  the  pressure  variations  and  the  average  output  pressure 
becomes  a  decreasing  function  of  rotational  speed.  Other  work  with  jet 
deflection  linear  velocity  sensors  has  been  performed  by  Tanney  [7]. 

He  indicates  that  improved  sensor  linearity  and  a  direction  sensitive 
output  can  be  obtained  by  using  two  receivers  producing  a  differential 
output  pressure  signal. 

This  paper  focuses  on  the  basic  configuration  proposed  by  Leathers 
and  Davis  as  a  simple  sensor  for  use  in  the  hydraulic  control  of  rotation¬ 
al  speed.  The  static  characteristics  of  the  sensor  are  first  studied 
using  hydraulic  oil  as  the  working  fluid,  then,  the  application  of  the 
sensor  in  a  hydraulic  speed  controller  is  considered.  It  should  be 
mentioned  that  the  alternative  configurations  suggested  by  Katz  and 
Hastle  and  also  by  Tanney  may  be  similarly  employed  and  might  be  quite 
attractive  for  particular  applications. 
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THE  SEWSOt  CHAIACTMtISTICS 


Geometry  and  details  of  tha  jat  daflactlon  hydraulic  spaad  sensor 
are  presented  in  Figure  2.  Xn  this  study  the  disk  radius  was  typically 
K  ■  1.37  in.  the  Jet  length  L  ■  .56  in.  and  the  exit  orifice  disaster 
D#  ■  .054  in.  Supply  pressures  were  normally  less  than  10  psl  and  the 

entire  disk,  supply  and  receiver  arrangement  were  submerged  in  hydraulic 
oil.  The  experimental  results  are  ataaurlred  in  Figures  3-5  which  are 
in  normalised  fora.  The  ratio  of  the  blocked  output  pressure  to  the 
blocked  output  pressure  at  sero  speed  in  given  by  P/PQ  and  the  tangen¬ 
tial  velocity  of  the  disk  edge  is  referenced  to  the  average  jet  velocity 
as  Ru/U^.  Figures  3-5  show  the  effects  of  distance  from  the  disk  edge 

and  disk  thickness  on  sensor  performance.  These  figures  do  not  show 
experimental  data  points  since  they  were  obtained  by  drawing  curves 
through  actual  X-T  plots  of  output  pressure  vs.  speed  as  measured  by  a 
tachometer.  These  plots  ware  continuous  but  somewhat  noisy.  A  typical 
noise  level  of  the  sensor  pressure  is  shown  in  the  pressure- tine  plot  of 
Figure  6.  It  was  possible  to  manage  the  effects  of  this  noise  on  speed 
control  by  adjusting  the  closed  loop  system  dynamics. 

It  should  be  clear  that  the  sensor  geometry  can  be  adjusted  to 
obtain  various  sensitivities  and  to  produce  reasonably  linear  behavior 
over  different  ranges  of  shaft  speed.  The  final  dimensions  and  cali¬ 
bration  chosen  for  use  in  the  breadboard  controller  to  be  considered 
later  in  this  paper  are  presented  in  Figure  7. 


ANALYSIS  OF  SENSOR  PERFORMANCE 


The  ultimate  objective  of  an  analysis  of  this  sensor  is  to  be  able 
to  predict  the  sensor  output  pressure  as  a  function  of  speed  for  all 
geometric  configurations  of  Interest.  The  analysis  presented  here  is 
an  initial  step  in  that  direction.  It  focuses  primarily  on  the  jet 
behavior  and  on  eases  where  the  effect  of  the  disk  rotation  can  be 
simply  represented  by  a  region  of  crossflow  at  the  velocity  of  the  disk 
periphery.  This  effort  can  be  readily  extended  to  the  more  general 
situation  by  describing  the  appropriate  crossflow  velocity  at  all  points 
between  the  jet  source  and  receiver  but  this  requires  a  detailed  study 
of  the  flow  field  surrounding  the  rotating  disk. 

The  deflection  angle  of  a  jet  with  respect  to  its  original  axis  has 
been  shown  by  Keffer  and  Baines  [8]  to  be  proportional  to  the  ratio  of 
aomentimi  flux  in  the  crossflow  direction  to  the  momentum  flux  of  the 
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The  jet  momentum  le  essentially  constant  at 


Mj 


(2) 


and  the  crossflow  momentum  at  any  point  along  the  Jet  results  from 
the  velocity  of  the  flow  entrained  by  the  jet  up  to  that  point 


(3) 


where  dq/dx  is  the  entrainment  rate  of  the  jet  and  v  is  the  crossflow 
velocity  at  the  point  of  entrainment.  Equation  (1)  thus  becomes 


e(x)  ‘  TT7T  *  ,ix  <‘> 

*U  D  o 
e  e 

and  to  calculate  the  deflection  angle  in  a  given  crossflow  only  the 
entrainment  rate  remains  to  be  determined.  Albertson  et  al.  [9] 
present  expressions  for  the  entrapment  rate  of  a  submerged  free  jet 
based  on  the  assumption  of  a  Gaussian  velocity  distribution  within  the 
Jet.  These  expressions  are: 


(jjj)  -  .785  C  Ue  De  (1  +  (5) 

in  the  zone  of  flow  establishment  and 

(^)  ■  »C  U  D  (6) 

dx  m  e  e 


in  the  zone  of  established  flow.  The  constant  C  is  experimentally 
determined  for  a  particular  Jet  flow  by  a  method  which  will  be  described. 
Figure  8  defines  the  zones  of  flow  establishment  and  established  flow. 
The  flow  is  considered  established  when  the  cote  of  the  original  jet 
has  disappeared  at  xQ  -  VJ2C . 

Combining  Equations  S  and  6  with  4.  the  angle  6  can  be  determined 
for  a  given  crossflow  velocity  distribution.  Assuming  that  the  cross- 
flow  velocity  is  a  constant  V  over  the  full  length  L  of  the  jet  and 
realizing  that  for  the  jet  length  under  consideration  the  flow  does 
not  become  established  (L  <  xo),  Equations  4  and  5  yield 


0(x)  - 


V  C 
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2Cx 


(7) 
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Integrating  Equation  7  over  tha  length  of  the  jet  then  glvea  the  jet 
centerline  deflection  at  the  receiver  as 


y 


VL  ,1  .  2CU 
U#  D#  k2  t  3Dj 


(8) 


Knowing  the  centerline  jet  deflection  at  the  receiver.  Kata  and 
Hastle  [6]  have  ahovn  that  the  output  pressure  recovered  bp  the  re¬ 
ceiver  is 


and 
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)  P(r)  dr 


(10) 


In  Equations  9  and  10,  F(r)  represents  the  pressure  recovery  due  to  the 
fluid  velocity  at  a  given  radius  r  within  the  jet.  According  to  Held 
[10],  for  L/D#  >  10,  this  pressure  aay  be  calculated  by 

,(r)  (11) 

where  u(r)  la  the  jet  velocity  at  radius  r  computed  for  the  free  jet  at 
the  receiver.  The  velocity  distribution  according  to  Albertson  et  al. 
[9]  la 

De  2 

-(r  +  Cx - f) 

uQ(r)  -  U.  esp[ - 3 --2-  1  <“> 

2C  x 

for  the  region  of  flow  establishment  and 
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(13) 
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after  the  flow  has  been  eatabllahed. 

C cabining  Equations  11  and  12  or  13  with  Equation  9  or  10  produces 
the  desired  relationship  between  output  pressure  and  Jet  deflection. 

For  the  problem  at  hand,  the  receiver  la  quite  close  to  the  region  of 
established  flow  and  Equation  13  has  been  used  for  the  velocity  dis¬ 
tribution.  The  output  pressure  In  normalised  fora  la  thus 
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The  pressure  PQ  la  the  recovered  pressure  with  aero  jet  deflection. 

The  constant  C  la  evaluated  by  forcing  Equation  14  to  agree  with  the  re¬ 
covered  pressure  at  aero  deflectiou.  In  this  study,  C  -  .042  has  been 
obtained  which  Is  low  compared  to  [6  and  9]  but  seaaa  reasonably  con¬ 
sistent  with  the  low  Reynolds  Niaber  and  rather  high  pressure  recovery 


(about  2/3)  characterizing  the  aeneor.  Numerical  integration  has  been 
applied  for  evaluating  Equations  14  and  15. 

Results  of  the  analysis  using  the  above  approach  are  compared  to 
the  experimental  results  in  Figure  9.  The  computations  for  disk 
thickness  ■  1/2  in.  have  been  carried  out  as  described  above  using 

a  crossflow  velocity  of  Ru  over  the  total  jet  length.  This  result  agrees 
reasonably  well  with  the  actual  performance  at  Z/De  •  1  which  is  the 

closest  that  the  disk  was  approached.  For  Tp  ■  1/4  and  1/16  in.,  the 

analysis  was  modified  to  spply  the  Ru  velocity  only  over  the  disk 
thickness.  This  approsch  seems  to  be  reasonable  for  the  thicker  1/4 
In.  disk  but  apparently  for  TQ  -  1/16  the  crossflow  velocity  caused  by 

boundary  layers  attached  to  the  disk  becomes  very  significant.  This 
effect  could  be  considered  by  defining  the  flow  field  completely  and 
returning  to  Equation  4. 


THE  HYDRAULIC  SPEED  CONTROLLER 


In  order  to  study  the  sensor's  performance  In  a  hydraulic  controller 
a  breadboard  system  was  developed  using  the  speed  sensor  to  control  the 
output  speed  of  a  hydrostatic  transmission.  A  diagram  showing  the 
general  nature  of  the  system  Is  given  In  Figure  10.  The  hydraulic 
signal  produced  by  the  fluidic  sensor  is  compared  to  the  desired  speed 
setting  in  a  pilot  operated  interface  valve.  The  output  of  this  valve 
drives  a  platon  and  cylinder  which  adjusts  the  transmission  pump  dis¬ 
placement  to  achieve  the  proper  output  speed.  The  controller  will 
attempt  to  maintain  the  desired  output  speed  with  changing  input  speeds 
and  with  changing  loads  on  the  transmission  output. 

A  schematic  of  system  components  is  shown  in  Figure  11  where  P  is 
the  blocked  output  pressure  of  the  speed  sensor  and  YR  is  the  position 

of  the  output  piston  controlling  pump  displacement.  The  spring  shown 
within  the  interface  valve  sets  the  desired  output  speed  and  moving  the 
base  of  this  spring  left  or  right  changes  the  setpoint.  Changes  in  set- 
point  could  be  accomplished  by  other  methods  including  the  introduction 
of  bias  pressure,  etc.,  but  that  has  not  been  considered  in  this  effort. 

In  developing  a  dynamic  model  of  this  control  system  for  design 
purposes  it  was  first  necessary  to  identify  the  plant.  This  was  done 
by  observing  the  response  of  the  transmission  output  speed  to  small 
step  changes  in  the  position  of  the  piston  controlling  pump  displacement. 
The  resulting  second  order  transfer  function  is  shown  in  Figure  12. 

A  model  of  the  sensor-valve-ram  combination  begins  by  writing  the 
following  equations: 
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'V  it  pv  -  -  \  St  xv 

continuity  for  the  piaton; 


Cb4tP.»K  X  -  K  P  -  A  —  v 
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motion  of  the  valve; 
d2 

^  dt2  *v  Av  Py  "  Bv  dt  Xv  “  Kv  Xv  “  p0 
and  motion  of  the  piaton; 

n*  if2  Yr  "  **  Pl  "  bR  li  \  ~  fl 


Here: 


cv  "  v*lve  capacitance 
Cr  *  ram  capacitance 


PL  "  F1  “  P2  "  r*m  ^oa<*  Pressure 
Ay  *  valve  apool  area 


PV  ‘  Pt•’•Ut•  oc  l«'<  Xv  .  v.lv.  displacement 


p  "  eensor  blocked  output 
preaaure 

Kq  -  valve  flow  gain 

Kc  -  valve  preaaure-flow 
coefficient 

XR  "  ra*  displacement 

Hy  -  valve  mass 

Bv  ■  valve  damping 


ram  area 


Fo  "  *Prln*  force  at  Xy  -  0 
Hjj  ■  piaton  aaaa 


^  *  load  force 


-  valve  aaaa  ■ 

v  8r  ■  piston  damping 

Bv  "  v*lve  damping  v  _  .  . 

v  p  B  Kv  ■  spring  rate 

*v  -  sensor  output  resistance 

^SS2Sa5Jr«SrSST5.^,s:  ssssl. 


(Cy  ■  Cg  •  0)  and  also  Chat  Cha  inartlal  forces  ara  Mall.  Under  chase 
conditions.  Equations  16  and  17  bacoaa 


(AP  -  AFy) 

R  A 
v  v 


(20) 


and 


(21) 


where  A* a  have  been  Introduced  as  a  r Minder  that  these  linearised 
equations  are  valid  only  for  small  perturbations  about  an  operating 
point.  Coeiblnlng  Equations  18  and  20  yields 


«v  *v2  ♦  V  3t 


*» "  - «. 


(22) 


Inserting  the  dependence  of  sensor  pressure  on  transmission  speed 
u  gives 


<*v  v +  V  ihr  ^v 


Av  E#  Au  -  APo  -  Ey  AXy 


(23) 


The  transfer  function  equivalents  of  Equations  21  and  23  have  been  In¬ 
cluded  In  the  block  dlagraa  of  Figure  12.  This  diagram  shows  the 
desired  output  speed  as  the  spring  force  at  sero  valve  dlsplacMent  be¬ 
ing  summed  at  the  valve  s?ool  with  the  fluldlcally  sensed  actual  speed. 
Also  Indicated  In  this  flgurs  are  the  final  values  of  all  the  parameters. 
A  Bode  plot  design  procedurs  was  used  to  check  the  dynamic  characteris¬ 
tics  of  the  system  and  open  loop  plots  are  showd  In  Figure  13.  The 
vertical  dashed  lines  In  this  figure  Indicate  the  corner  frequency 
associated  with  the  sensor  valve  dynamics  and  the  transmission  natural 
frequency.  Three  different  amplitude  plots  are  shown  for  values  of 

corresponding  to  valve  supply  pressures  of  100,  200  and  300  psl.  It 
can  be  seen  that  reasonable  phase  nsrglns  exist  for  the  lower  supply 
pressures  but  at  the  valve  gain  corresponding  to  300  psl  stability  Is 
questionable. 

The  actual  performance  of  the  hydraulic  control  system  Is  shown  In 
Figure  14  for  small  step  Inputs  In  desired  speed.  These  recorder  plots 
agree  exactly  with  the  conclusions  of  Figure  13  showing  good  response  at 
the  lower  pressures  but  very  light  damping  for  the  300  psl  supply. 
Computer  solutions  for  the  step  response  of  the  mathematical  model  have 
also  been  obtained  and  compare  favorably  to  the  actual  performance.  A 
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typical  comparison  is  shown  in  Figure  15  for  the  valve  supply  pressure 
at  200  psi. 

It  might  be  noticed  in  Figure  13  that  the  time  constant  associated 
with  the  sensor  output  impedance  and  Interface  valve  provides  the 
dominant  dynamic  effect  in  the  control  loop.  This  time  constant 
could  be  readily  decreased  by  reducing  the  sensor  output  resistance. 
However,  it  was  desired  to  keep  the  system  bandwidth  somewhat  less  than 
1  cps  to  reduce  the  Influence  of  the  sensor  noise  (at  several  cps)  on 
the  controller  and  this  could  be  accomplished  with  the  sensor  dynamics 
as  indicated  in  Figure  13.  The  crossover  frequencies  (points  where 
] G(Jui)  |  -  1)  and  thus  the  bandwldths  of  the  systems  shown  in  Figure  13 
are  in  the  1  cps  neighborhood.  Accuracy  of  the  speed  controller  with 
this  sensor-valve  configuration  could  be  held  to  11  rad/sec  despitw  the 
appreciable  sensor  noise  plotted  in  Figure  6.  As  expected,  a  reduction 
of  the  sensor-valve  time  constant  by  decreasing  the  sensor  output  im¬ 
pedance  and  the  corresponding  increase  in  closed  loop  bandwidth  resulted 
in  increased  steady  state  error. 


CONCLUSIONS 


This  paper  describes  the  performance,  analysis  and  laboratory 
application  of  a  hydraulic  fluidic  sensor  for  rotational  speed.  The 
sensor  is  simple  and  its  application  in  hydraulic  control  is  straight¬ 
forward.  It  can  be  powered  by  any  constant  pressure  hydraulic  supply 
by  using  a  suitable  dropping  resistor. 

In  the  breadboard  application  considered  here,  the  dynamic 
performance  of  the  speed  control  loop  was  soawwhat  limited  to  provide 
adequate  steady  state  accuracy.  With  reductions  in  the  sensor  noise 
level,  the  dynamic  performance  of  the  controller  can  no  doubt  be  im¬ 
proved.  It  should  be  noted  that  no  serious  attempt  to  reduce  sensor 
noise  has  been  made  to  date  and  that  progress  in  this  aspect  of  sensor 
performance  is  quite  likely. 
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ABSTRACT 


This  paper  presents  a  short  analysts  of  and  comprehensive 
experimental  verification  for  the  exl stance  of  a  new  dimensionless  group, 
that  relates  fluid  amplifier  characteristics,  called  the  fluid  amplifier 
Reynolds  number,  N^.  It  Is  defined  as 

NRa  "  ^s  r7ps/p/vl  1  ^th/bs  +  DO  ♦  I/®)2] 

where: 

b$  -  amplifier  supply  nozzle  width 

P$  -  amplifier  supply  pressure 

p  -  fluid  density 

v  -  fluid  kinematic  viscosity 

-  amplifier  supply  nozzle  throat  length 

a  -  amplifier  supply  nozzle  aspect  ratio 

In  addition  to  showing  that  this  Is  a  valid  scaling  parameter  for  many  fluidic 
devices,  both  digital  and  analog,  it  is  also  shown  that  a  critical  value  of 
Nr<  exists,  NRa  ■  1000,  such  that  fluidic  operation  is  virtually  independent 

of  Reynolds  number  (supply  flow,  pressure)  above  that  value.  It  is  argued 
that  this  condition  defines  the  lower  limit  of  fully  established  turbulent 
flow  in  a  fluidic  device. 
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NOMENCLATURE 
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b 

B 

cd 

<h 

D 


h 

K 

t 

L 


P 

Q 

r 

R 

S 
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-  cross-sectional  arc*,  (m2) 

-  nozzle  width,  (m) 

-  width,  (m) 

*  nozzle  discharge  coefficient,  (dimensionless) 

-  hydraulic  diameter,  2bh/(b  ♦  h),  (m) 

-  geometric  constant,  (dimensionless) 

-  pressure  gain,  (dimensionless) 


-  nozzle  height  (m) 

-  constant,  (dimensionless) 

-  length,  (m) 

-  characteristic  dimension,  (m) 


dimension, 


Reynolds  number, 

pressure,  (((Pa) 
volumetric  flow,  (m’/s) 
radius,  (m) 

fluid  resistance,  (kg/(m* 
normalized  distance  along 


(dimensionless) 


s)) 

nozzle  wel I 


-  characteristic  fluid  velocity,  (m/s) 


Greek  Symbols 

v  *  fluid  kinematic  viscosity,  (m2/s) 

p  -  fluid  density,  (kg/m*) 

o  -  aspect  ratip,  h/b,  (dimensionless) 

X  -  dummy  variable  of  integration,  (dimensionless) 


Subscripts 

a  -  amplifier 
c  -  control 
eff  -  effective 

FET  -  fully  established  turbulence 
h  -  height 

I  -  integer  count,  1  or  2 
n  -  nozzle 
id  -  ideal 
p  -  plenum 
s  r  supply 
st  *  static 
S  -  stretched 
th  -  throat 

1  *  refers  to  condition  on  converging  walls 

2  -  refers  to  condition  on  plane  walls 

•>  -  nozzle  exit  condition 
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INTRODUCTION 


In  fluidics,  as  In  other  areas  of  fluid  Mechanics,  It  Is 
often  useful  to  consider  dimensionless  groups  (scaling  parameters)  which 
provide  a  means  for  comparison  of  various  phenomena  In  differing  physical 
circuits  tan  cas.  The  most  familiar  such  group  is  perhaps  the  Reynolds  Nunber, 

Kr,  which  provides  a  measure  of  the  ratio  of  Inertial  to  viscous  forces  In 

a  moving  fluid.  NR  Is  defined  as  the  quotient  of  the  product  of  e  character-* 

Istlc  velocity  U  and  characteristic  dimension,  L,  with  the  kinematic 
viscosity  v.  In  general  the  characteristic  dimension  Is  an  obvious  quantity, 
for  example  the  length  of  a  plate,  the  diameter  of  a  cylinder,  or  the  width 
of  a  two-dimensional  channel.  In  each  case  It  Is  the  only  important  dimension. 
One  begins  to  run  into  trouble,  however,  when  considering  three-dimensional 
flow  or  Internal  flow  with  a  complex  geometry.  Which  dimension  should  be 
chosen  to  be  most  representative  of  a  flow  phenomena,  when  there  is  more  than 
one  dimension?  In  pipe  flow  the  hydraulic  diameter  is  used.  Hydraulic  dia¬ 
meter,  d^,  is  proportional  to  the  ratio  of  the  flow-through  area  to  the  wetted 

perimeter.  Zuments  [1]  shows  this  to  be  generally  true  in  his  very  lucid 

presentation.  Already,  however,  one  begins  to  see  the  complexity  involved 

If  more  than  one  dimension  Is  Involved,  since  the  definition  of  hydraulic 

diameter  Is  not  obvious.  In  the  case  of  fluidic  flow  problems  involving 

Jets  there  are  at  least  seven  dimensions  common  to  most  devices:  supply 

nozzle  width,  b  ,  supply  nozzle  height,  h  ,  length  of  throat,  ,  overall 
s  I  tn 

nozzle  length,  l  ;  nozzle-to-spl I tter  distance;  amplifier  width,  B  ;  and 

n  • 

control  nozzle  width,  b  .  It  is  conceivable  that  there  are  more  if  one 

c 

wishes  to  consider  such  dimensions  as  outlet  channel  width,  attachment  wall 
length,  and  offset;  and-  control  nozzle  shape.  Applying  the  Buckingham  it 
theorem  only  produces  as  many  Reynolds  numbers  as  dimensions  so  that  it 
does  not  appear  that  dimensional  analysis  Is  going  to  help. 

With  this  background,  then,  It  Is  clearly  evident  that  a  problem 
exists.  The  solution  lies  in  finding  the  simplest  relation  possible  which 
Is  still  universal  enough  to  be  e  valid  scaling  parameter  in  as  many  instances 
as  possible.  Drzewieekl's  [2]  analysts  of  distharge  coefficients  shows  that, 
even  for  simple  nozzle  flow,  the  Reynolds  nunber  based  on  nozzle  width  does 
not  reduce  the  data  to  a  single  curve.  Kelley  and  Boothe's  [3]  data  on  pro¬ 
portional  amplifier  gain  show  that  hydraulic  diameter,  used  as  the  character¬ 
istic  dimension,  does  not  produce  a  suitable  Reynolds  number.  Hanlon  and 
Mon's  [4]  data  on  proportional  amplifier  gain  indicate  that  to  use  the  nozzle 
height  as  the  characteristic  dimension  is  fairly  good,  but  scatter  is  still 
evident,  and  it,  too,  is  therefore  not  entirely  satisfactory.  Because 
combinations  now  become  somewhat  more  arbitrary,  it  is  the  present  purpose 
to  determine  analytically  a  good  characteristic  dimension,  and  so  to  define 
e  fluid-amplifier  Reynolds  number,  N^. 
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ANALYSIS 


In  general  the  predominant  feature  of  a  Jet  fluid  amplifier 
or  gate  It  the  supply  jet  issuing  from  a  nozzle,  so  that  If  the  discharge 
coefficient  of  a  nozzle  can  he  expressed  In  terms  of  a  single  variable  than 
this  variable  may  include  the  characteristic  length  being  sought. 

F.  Hanlon,  HDL,  suggested  that  the  simple  form  of  discharge 
coefficient,  c^,  from  reference  [2]  be  multiplied  out  end  a  dominant  group 

pulled  out  of  there.  This  Is  the  form  found  In  eq.  1. 

cd  -  [1  -  2Di/.tfp  [1  -  2D2/MJ£]  (1) 

where 

Nr  -  «4l»s/pl  b/v 

o  -  aspect  ratio,  h/b 

Ps  -  amplifier  supply  pressure 

p  -  fluid  density 
v  -fluid  kinematic  viscosity 

The  value  of  D|  involves  an  Integral  of  the  axial  freestream  velocity  over 

the  entire  length  of  the  nozzle.  If  a  simple  relation  between  geometry  and 
this  velocity  exists  then  the  integral  may  be  replaced  by  the  effective 
length  of  straight  duct  to  which  the  nozzle  Is  equivalent  so  that: 

°l  "  K(*eff/b  +  *th/b)i  (2) 

where 

K  ■  1.75  s 

*eff  -  effective- length  contribution  of  the  contraction  ■  /  (u/Uj 1  dx 

o 

on  fig.  1  that  portion  of  the  nozzle  between  the  straight  sections. 
S  -  distance  along  wall  from  start  to  and  of  contraction 
X  “  dieimy  variable  for  S 

Substituting  eq.  (2)  Into  (1),  the  equation  for  discharge  coefficient  becomes 


Multiplying  out  yields  the  following  equation: 
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For  the  normally  expected  case 


From  eq.  5  it  can  be  seen  that  the  discharge  coefficient,  for  large  Reynolds 
numbers,  is  a  function  of  a  single  variable  group  such  that 


Nunerlcal  experiments  with  various  nozzles  indicate  that  the  effective  length 
of  the  nozzle  contraction,  £#f^/b  is  under  most  circumstances  no  greater  than 

the  order  of  1 .  In  that  case  one  can  define  a  modified  Reynolds  nunber,  or 
a  fluid  amplifier  Reynolds  mznber, 

NRa  "  VC(*th/b  +  ^  (1  +  ,/a>23  (7) 

It  can  therefore  be  seen  that  if  the  supply  jet  is  the  predominant  part  of 
a  device  the  characteristic  dimension  to  be  used  is  L  »  b/[(^th/b+l)  (l+1/o)2]. 

EXPERIMENTAL  VERIFICATION 

To  justify,  not  only  that  this  characteristic  length  is  truly 
characteristic  but  also  that  the  supply  jet  characteristics  predominate  in 
fluid  amplifiers  of  many  types,  the  experimental  data  following  is  presented. 

Four  nozzles  of  the  planvlew  shown  in  fig.  1 ,  wi th  b  ■  1 .0  mm  and 
h  -  0.5,  1.0,  1.5,  2.0  mm,  and  a  moderately  long  throat,  *,K  5  mm  were 

used  in  the  experimental  measurement  of  the  discharge  coefficient.  The  plenum 
chambers  were  made  long  in  order  to  allow  the  flow  from  a  fitting,  making 
a  right  angled  turn,  to  become  uniform.  The  static  pressure  in  the  plenum 
was  measured  by  using  a  static  wall  tap  located  at  the  start  of  the  contraction. 
Electronic  manometers  were  used  to  measure  this  pressure  as  well  as  the 
pressure  differential  across  a  calibrated  laminar  f low-meter.  The  data 
were  recorded  on  an  X-Y  plotter  as  volumetric  flow  rate,  Q,  versus  plenun 
static  pressure,  P  .  Figure  2  shows  the  raw  data.  The  supply  stagnation 

pressure,  P  ,  was  then  calculated  from  the  plenun  dimensions  and  the  flow, 
as: 


532 


or  by  noting  that  the  average  velocity  Is  the  quotient  of  flow  and  area: 

p*  - '.« ♦  f  [$]  ’ 

where 

B  -  width  of  the  plenum  chamber 

P 

p  -  fluid  density 

The  experimental  value  for  discharge  coefficient  is  the  ratio  of  the  actual 
flow  through  the  nozzle  to  the  ideal  flow  [2,  2a]. 

c .  -  Jl-  -  Q/(bh  AYJp) 
a  ®ld  * 

The  resultant  experimentally  determined  values  of  discharge  coefficients  are 
shown  in  fig.  3*  As  can  be  seen  the  discharge  data  all  collapse  to  one  curve 
except  in  the  case  of  the  low-aspect-ratio  nozzle,  o  ■  0.5.  Close  examination 
of  the  actual  nozzle  used  For  a  «  0.5  showed  that  glue  bonding  the  cover 
plate  had  seeped  into  the  channel  forming  a  considerable  fillet  thus  reducing 
the  cross-section,  increasing  the  impedance  to  flow  and  hence  yielding  a  low 
value  of  cd  based  on  the  ideal  nozzle  exit  area. 

The  experimental  data  taken  for  proportional  amplifier  pressure 
gain  given  by  Kelley  and  Boothe  [3],  was  collapsed  by  them  to  approximately 
one  curve  by  use  of  a  stretched  Reynolds  number  NRS  -  NR(odh/b) ,  where 

d^  ■  2bh/(b+h),  Is  the  hydraulic  diameter.  Their  data  are  shown  in  fig.  A, 

which  also  shows  how  their  data  collapse  on  the  fluid-amplifier  Reynolds 
number,  NRfl  of  eq.  7.  The  scatter  of  the  data  is  about  the  same.  Kelley 

and  Boothe  did  not  give  the  length  of  their  nozzle  so  that  the  dimensionless 
group  Nr",  used  is  simply 

nr-  -  y<i  ♦  i/o)2  (8) 

because  t  does  not  vary  in  their  experiment.  Expanding  their  "stretched" 
Reynolds  y  number  shows  that  It  is  simply, 

"as  ■  V[?  "  + 

which  Is  only  different  from  NR",  by  a  factor  of  one  (t)  in  the  denominator, 

in  that  Kelley  and  Boothe  have  l/o  and  the  present  analysis  has  (1  +  l/o). 

For  low  values  of  the  aspect  ratio,  o,  this  apparently  does  not  result  in 
too  great  a  difference. 


The  date  of  Manion  and  Hon  [4],  also  for  proportional  amplifier 
pressure  gain,  is  plotted  against  Reynolds  number  based  on  nozzle  height  N^. 

Their  data  are  shown  in  fig.  5  as  Is  a  comparison  using  the  fluid-amplifier 
Reynolds  nunber  of  aq.  8.  As  can  be  seen  the  data  are  tighter  around  the 
modified  Reynolds  number.  Scaling  with  nozzle  height  was  not  bad,  however. 

If  the  fluid-amplifier  Reynolds  number  of  aq.  8  is  expanded  to  have  a  Reynolds 
nunber  based  on  nozzle  height  (rather  than  width)  the  result  is: 

Nr"  -  N,^/^  ♦  ]/&)* 

The  quantity  I /(vS-  +  I//*)2,  for  the  aspect  ratios  of  0.4  -  1.0  used,  varies 
only  from  0.2041  to  0.25,  hence  the  choice  of  nozzle-height  Reynolds  number 
was  fortuitous,  in  that  it  was  only  off  by  a  factor  that  didn't  vary  much. 

Referring  now  to  the  work  of  McRae  and  Hoses  [5]  and  McRee  and  Edwards  [6] 
it  can  be  determined  from  their  data  on  attachment  point  distance  that  at  a 
constant  value  of  the  fluid-amplifier  Reynolds  number 

HRa  "  NR/(<*th/b  ♦  00  ♦  *  1000 

there  is  no  longer  any  appreciable  Reynolds  number  dependence.  In  other 
words  the  Jet  entrainment  is  constant,  which  Is  tantamount  to  the  establishment 
of  ful ly-turbulent  flow  in  the  device.  Considering  this  point  a  little  further, 
one  can  observe  the  data  on  the  flow  required  to  cause  a  switch  In  a  digital 
device  as  a  function  of  supply  pressure  as  taken  by  Muller  [7]  and  Warren  [8]. 
When  this  flow  becomes  independent  of  supply  pressure  It,  too,  is  an  indication 
that  fully  established  turbulent  flow  or  constant  entrainment  has  occurred. 

For  Muller's  data  on  sharp  splitter  digital  devices  using  a  throat  length 
£th/b+  ■  1.0  with  an  aspect  ratio,  a  •  1,  the  Reynolds  number,  NR#,  at  which 

the  switch  flow  becomes  constant  is  1000.  For  Warren's  data  on  latching  vortex- 
type  digital  devices  with  an  aspect  ratio  a  -  2,  a  throat  length  £th/b  -  2.5, 

and  a  nozzle  width  of  0.8  mm,  the  switch  flow  becomes  approximately  constant 
at  12.4  kPa  (1.8  psi).  This,  too,  corresponds  to  a  value  of  f  luld-  mpi  i  fier 
Reynolds  number  of  1000.  A  trend  has  appearad.  To  pursue  it  further  the 
data  of  Weinger  [9]  on  turbulence  level  In  proportional  amplifier,  show  that 
thare,  too,  for  various  aspect  ratios  from  2  to  7  the  point  at  which  a  constant 
level  of  turbulence  was  achieved  corresponds  to  a  NR>  ■  1000.  (Ti:e  throat 

length  used  In  Wainger's  experiment  was  5.3  b(.  The  data  for  aspect  ratios 

from  .5  to  1.0  did  not  ao  high  enough  in  supply  pressure  to  insure  constancy 
of  the  turbulence  level). 

The  indication  from  the  latter  five  independent  sets  of  data  Is 
that  there  appears  to  be  a  constant  value  of  which  predicts  the  onset 

of  fully-established  turbulence  in  a  fluidic  device.  Examining  this  statement, 
it  appears  that  the  value  of  »  1000  describes  a  minimum-stability  laminar 

velocity  profile  at  the  exit  of  the  nozzle  that  Immediately  becomes  turbulent 
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upon  exiting.  One  can  see  from  this  that  an  increase  in  throat  length  will 
cause  the  nozzle-width  Reynolds  number  to  be  higher  for  fully-established 
turbulence.  Similarly  a  decrease  in  aspect  ratio  will  do  the  same  thing. 

These  were  the  things  dona  based  on  experience  to  promote  laminar! ty  and  low 
noise.  Now  there  is  some  analytical-empirical  justification.  The  cause  of 
this  laminarization  is  quite  evident.  If  the  throat  is  long  or  the  aspect 
ratio  is  low,  the  exit-velocity  profile  is  fairly  well  developed  and  the 
gradient  of  velocity  (~  shear)  Is  low  so  that  the  flow  Is  more  stable  than 
a  flow  with  high  free-sheer  interface.  This  is  the  case  for  a  low  discharge 
coefficient.  Apparently  the  combination  of  the  adjacent  (top  and  side)  boundary 
layers  has  an  effect  for  If  it  were  only  the  sides  undergoing  separation  that 
were  critical  then  the  critical  number  would  be  different  (e.g.  NR/(4  h/b  +  1)). 


The  value  therefore  of  the  fluid  amplifier  Reynolds  nunber  for  fully-established 
turbulence  N_  I  is 
Ra|FET 


N 


Ra 


-  1000 
FET 


SUMMARY  AND  CONCLUSIONS 


The  analysis  has  indicated  that  there  Is  a  characteristic 
dimension  for  many  fluid  amplifiers  such  that  the  Reynolds  number  using 
that  dimension  collapses  all  amplifier  discharge  coefficient  data,  regardless 
of  nozzle  shape  or  aspect  ratio,  to  a  single  curve.  This  has  been  experiment¬ 
ally  verified.  In  addition  this  same  modified  Reynolds  number  has  been  found 
to  relate  to  other  fluid-amplifier  characteristics.  It  collapses  the  gain 
curves  for  laminar  proportional  amplifiers  of  different  aspect  ratios,  and 
more  importantly  a  constant  value  of  1000  established  the  Reynolds -number- 
independent  operating  region  of  turbulent  fluid  amplifiers,  both  digital  and 
proportional. 

This  modified  Reynolds  number  therefore  Is  truly  representative 
of  a  fluid  amplifier  -  It  includes  such  important  parameters  as  aspect  ratio 
and  supply  nozzle  shape,  as  well  as  throat  length,  which  were  lacking  from 
previously  used  dimensionless  groups. 

In  conclusion,  then,  a  new  Reynolds  number  for  fluid  amplifiers 
has  been  established  from  a  rational  analysis  of  supply  jet  flow  Issuing 
from  a  power  nozzle,  and  a  constant  has  been  experimentally  determined  that 
determines  the  region  jf  Reynolds -number- independent  flow. 
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Figure 


Collapsing  of  discharge  coefficient  data  on  modified 
Reynolds  number 
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EFFECTS  OF  ASPECT  RATIO  AND  LOW  REYNOLDS 
NUMBER  ON  RECOVERY  AND  FLOW  REGIMES 
IN  A  PLANE-WALL  DIFFUSER 

1  2 
A.S.  Dighe  and  A.T.  McDonald 


ABSTRACT 


The  flow  regime  and  pressure  recovery  behavior  of  a 
plane  wall  diffuser  were  studied  experimentally  to  deter¬ 
mine  the  effects  of  low  Reynolds  number  and  aspect  ratio. 
Tests  were  performed  for  flow  conditions  (Reynolds  numbers 
between  3,000  and  28,000,  based  on  hydraulic  diameter)  and 
aspect  ratios  (0.21  <  AS  <  2.65)  typical  of  those  found  in 
fluidic  devices. 

The  pressure  recovery  coefficient  for  fixed  geometry 
was  found  to  increase  monotonically  with  Reynolds  number. 
At  the  highest  Reynolds  number  tested,  the  recovery  for 
AS  >  1  was  comparable  to  that  obtained  by  Reneau,  et  al, 
at  high  Reynolds  number.  For  constant  Reynolds  number, 
the  pressure  recovery  coefficient  first  increased  and  then 
decreased  with  aspect  ratio;  optimum  values  of  aspect 
ratio  were  identified  for  three  representative  Reynolds 
numbers.  Flow  regime  behavior  was  found  to  depend  on  both 
Reynolds  number  and  aspect  ratio. 


NOTATION 


Symbol 

A  geometric  cross-sectional  area 
Ab  blocked  area,  A-Ap 
Ab  effective  area,  m/cV 
AR  area  ratio,  A2/A1 
AS  aspect  ratio,  bj/W^ 

B  blocked  area  fraction,  A0/A 
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b  diffuser  height 

Cp  pressure  recovery  coefficient,  po-piApU? 
d  hydraulic  mean  diameter,  2A/(b+W) 

E  effective  area  fraction,  Az/A 

m  mass  flowrate 

p  static  pressure  at  a  cross-section 

p0  stagnation  pressure 

Re  Reynolds  number,  Ujdj/v 

U  core  velocity 

0  average  velocity 

V  maximum  velocity  at  a  cross-section 

w  diffuser  width 

Greek  Symbols  . 

6*  displacement  thickness  of  boundary  layer,  j fl  -  jjldy 

6  0 

e  momentum  thickness  of  boundary  layer,  r  1  ■  ^jldy 
6  diffuser  half  angle  i 

v  kinematic  viscosity 

p  density 

Subscripts 

1  diffuser  inlet  section 

2  diffuser  outlet  section 


INTRODUCTION 

Diffusers  have  been  studied  experimentally  for  many 
years;  however,  a  design  guide  for  efficient  diffusers  is 
far  from  completion,  mainly  because  of  the  large  number  of 
governing  parameters  on  which  diffuser  performance  depends. 
Analytical  prediction  techniques  for  flow  behavior  fail  for 
most  practical  diffuser  geometries  because  flow  in  these 
diffusers  is  often  separated. 

♦ 

A  survey  of  the  existing  literature  on  diffusers 
indicates  that  most  experimental  work  on  diffusers  of 
various  geometries  and  shapes  was  done  at  high  Reynolds 
number  (Re  >  60,000),  because  in  applications  such  as  tur¬ 
bine  draft  tubes,  aircraft  inlets,  and  turbomachinery 
passages,  diffusers  generally  operate  at  high  Reynolds 
numbers. 

Diffusers  working  at  low  Reynolds  numbers  (possibly 
with  laminar  inlet  boundary  layers)  were  not  of  practical 
interest  until  recently  when  fluidic  applications  gained 
increased  importance.  Many  fluidic  devices  such  as  fluid 
amplifiers,  rate  and  temperature  sensors  were  developed  as 
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control  system  elements  to  compete  with  their  corresponding 
electronic  counterparts.  These  units  have  diffusing  pas¬ 
sages  at  the  output  sections.  Because  of  their  miniature 
sizes  and  low  flowrates  these  units  operate  at  low  Reynolds 
numbers  (of  the  order  of  a  few  thousand)  and  their  aspect 
ratios  are  also  low  (of  the  order  of  unity) . 

The  purpose  of  this  experimental  study  was  twofold: 

(1)  to  evaluate  the  pressure  recovery  coefficient  of  a 
plane  wall  diffuser  at  varying  aspect  ratio  (0.21  <.  AS  < 
2.65)  in  the  low  Reynolds  number  range  (3,000  <  Re  < 
25,000),  and  (2)  to  study  the  effects  of  aspect  ratio 
and  low  Reynolds  number  on  the  flow  regime  behavior. 


LITERATURE  REVIEW 

The  pressure  recovery  of  a  diffuser  has  been  found  to 
depend  upon  both  geometric  parameters  and  flow  parameters. 
For  plane  wall  diffusers,  the  length  ratio,  divergence 
angle  (or  area  ratio) ,  and  aspect  ratio  are  the  geometric 
parameters  while  Reynolds  number,  Mach  number  (in  the  case 
of  compressible  flow) ,  inlet  boundary  layer  thickness,  etc. 
constitute  flow  parameters. 

Reneau, Johnston  and  Kline1  prepared  extensive  pressure 
recovery  charts  for  plane  wall  diffusers  using  the  perform¬ 
ance  data  then  available.  They  also  realized  that  the 
aspect  ratio  of  a  plane  wall  diffuser  can  influence  the 
pressure  recovery.  They  made  analytical  computations 
using  the  integral  momentum  method  to  predict  boundary 
layer  growth  for  unstalled  diffusers.  Their  results 
suggested  that  for  aspect  ratios  above  about  10,  the  pre¬ 
dicted  pressure  recovery  remains  unaffected  by  aspect 
ratio.  The  analytical  results  also  suggest  that  in  the 
case  of  low  aspect  ratio  diffusers,  short  units  have  better 
pressure  recovery  than  long  ones  of  the  same  area  ratio. 

Sovran  and  Klomp2  correlated  the  inlet  blocked  area 
fraction  to  determine  the  pressure  recovery  coefficient 
for  optimum  recovery  diffuser  geometries.  Their  correla¬ 
tion  works  well  for  two  dimensional  as  well  as  conical 
diffusers  so  long  as  the  inlet  boundary  layer  is  maintained 
turbulent  and  thin.  The  blocked  area  coefficient,  ®1  ,  is 
defined  by  the  equation 

ae 

B1  -  1  -  X  (1) 

where  A  represents  the  geometric  cross-section  of  the  dif¬ 
fuser  at  inlet  and  A^,  the  effective  cross-section  calcu¬ 
lated  from  the  equation 
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(2) 


n 

ViJ 


In  Eq.  2,  Vi  represents  the  maximum  centerline  velocity  at 
the  inlet  of  the  diffuser. 

The  first  experimental  measurements  of  the  effects  of 
aspect  ratio  on  two  dimensional  diffusers  were  reported  by 
Johnston  and  Powars.3  They  selected  five  aspect  ratios  and 
three  different  geometries;  one  in  the  unstalled  flow 
regime ,  another  with  peak  recovery  and  the  third  in  the 
transitory  stall  regime.  Their  results  indicate  that  the 
pressure  recovery  for  the  diffuser  geometry  with  transitory 
stall  increases  as  the  aspect  ratio  is  lowered,  a  result 
contradicting  the  trend  predicted  analytically  by  Reneau 
et  al.  for  unstalled  diffusers.  However,  Johnston  and 
Powars  used  boundary  layer  control  to  maintain  their  inlet 
displacement  thickness,  6*,  on  all  the  four  walls. 

Further  experiments  were  performed  by  Runstadler* 
using  diffusers  with  aspect  ratios  of  1/4,  1,  and  5.  Inlet 
Mach  number,  Mj_,  and  inlet  blocked  area  fraction,  B\,  were 
the  primary  flow  parameters  varied.  From  one  of  the  cross¬ 
plots  showing  peak  pressure  recovery  versus  aspect  ratio 
with  inlet  blockage  fraction,  as  a  parameter,  it  appears 

that  Cp  rolls  off  on  either  side  of  a  maximum  value  obtained 
at  AS  *  1.  All  of  these  experiments  were  conducted  at  high 
Reynolds  number  (Re  >  10 5 ) . 

5 

Recent  work  by  McMillan  and  Johnston  concentrated  on 
one  aspect  ratio  (AS  «  0.1)  with  fully-developed  inlet  flow 
for  diffusers  with  N/W^  ■  6  and  seven  different  area  ratios. 
They  found  Cp  to  be  Reynolds  number  dependent  and  to 
increase  with  increasing  Re,  in  the  range  20,000  <  Re  < 
70,000.  They  attributed  the  low  values  of  Cp  to  ineffi¬ 
cient  diffusion  owing  to  increasing  dissipation  caused  by 
turbulent  shear.  The  failure  of  the  Sovran  and  Klomp 
correlation  technique  in  these  low  aspect  ratio  diffusers 
was  mainly  because  of  inefficient  diffusion.  McMillan  and 
Johnston  also  studied  the  flow  patterns  and  found  that 
diffusers  in  the  transitory  stall  regime  exhibited  flow 
pattern  variations.  The  flow  pattern  changed  from  transi¬ 
tory  stall  to  fixed  stall  and  finally  to  bistable  stall  as 
the  Reynolds  number  increased. 

In  fluidic  devices,  the  role  of  aspect  ratio  as  a  con¬ 
trolling  parameter  for  noise  reduction  has  been  considered 
by  several  investigators.  Glaettli, et  al.6  and  Comparin, 
Glaettli  and  Mitchell'  conducted  studies  on  noise  reduction 
of  fluid  jet  amplifiers  and  found  that  reduced  aspect  ratio 
attenuated  the  noise  level.  The  investigation  of  Tamulis8 
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on  jet  knife  edge  amplifiers  showed  that  low  aspect  ratio 
(AS  “  1)  in  general  adversely  affected  the  establishment 
of  jet  knife-edge  noise.  Thus  amplifiers  of  near  unity 
aspect  ratio  have  an  advantage  over  high  aspect  ratio 
amplifiers. 

In  many  fluidic  devices,  the  output  legs  incorporate 
diffusing  passages  and  the  working  range  of  Reynolds  number 
is  low  (3,000  <  Re  <  25,000).  Recent  experimental  results 
of  Drzewiecki9  have  shown  that  flows  in  the  nozzle  exit 
region  of  close  wall  bistable  amplifiers  exhibit  diffuser 
flow  regime  behavior.  The  mean  flow  and  boundary  layers 
in  these  units  may  be  either  laminar  or  in  the  transition 
zone  from  laminar  to  turbulent.  Many  investigators  have 
qualitatively  predicted  a  low  pressure  recovery  at  lower 
Reynolds  number  but  an  experimental  evaluation  of  Cp  has 
not  yet  been  undertaken. 


EQUIPMENT  DESIGN  AND  PROCEDURE 

By  using  a  suitable  experimental  setup,  both  of  these 
governing  parameters  (low  Reynolds  number  and  aspect  ratio) 
can  be  studied  to  determine  their  influences  on  pressure 
recovery  coefficient  and  on  flow  regime  behavior.  A  plane 
wall  diffuser  unit  with  N/W^  *  18  and  28  ■  8*  was  selected 
for  this  investigation  because  at  high  Reynolds  number 
this  geometry  gives  high  pressure  recovery. 

Clear  plastic  sheets  in  nominal  thicknesses  of  1/4, 

1/2  and  1  inch  were  machined  to  form  diffuser  strips  and 
corresponding  filler  plates.  To  ensure  uniform  thickness, 
sheets  were  milled  on  both  sides.  Using  machined  strips 
it  was  easy  to  assemble  the  unit  free  from  leakage.  The 
diffuser  holder  was  also  fabricated  from  clear  plastic  to 
permit  flow  visualization.  Suitable  combinations  of  dif¬ 
fuser  strips  and  filler  plates  were  used  to  obtain  twelve 
different  aspect  ratios  in  the  range  0.21  <  AS  <  2.65. 

Static  pressure  taps  0.016  inch  in  diameter  were 
drilled  carefully  along  the  axis  of  the  top  cover  plate  on 
2  inch  centers  and  also  at  the  diffuser  throat  and  exit 
planes.  An  access  hole  of  5/16  inch  diameter  served  to 
admit  a  pitot  tube  used  to  measure  the  velocity  profile 
normal  to  the  parallel  walls.  No  provision  was  made  to 
control  the  boundary  layer  as  this  is  beyond  control  in 
the  normal  application  of  diffusers  to  fluidic  devices. 

A  pictorial  view  of  the  diffuser  unit  is  shown  in  Fig.  1. 

The  general  layout  of  the  experiment  setup  is  shown 
schematically  in  Fig.  2.  Water  is  circulated  around  the 
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system  by  s  small  centrifugal  pump.  The  diffuser  assembly 
joins  the  two  constant  water  level  tanks. 


The  pressure  rise  through  the  diffuser  was  very  small 
at  low  Reynolds  numbers,  so  a  micromanjmeter  with  a  least 
count  of  0.001  inch  of  water  was  used. 

For  flow  visualization,  dye  was  injected  at  the  dif¬ 
fuser  inlet  and  exit  planes  using  hypodermic  needles.  The 
pressure  taps  were  also  used  to  inject  dye  when  needed  to 
observe  flow  patterns.  The  most  important  flow  patterns 
were  also  photographed  in  super  8  format  color  movies. 

The  water  flowrates  were  generally  low,  so  they  were 
measured  by  collecting  the  flow  of  water  over  the  down¬ 
stream  weir  during  a  measured  time  interval.  Using  the 
measured  mass  flowrate,  m,  the  mass  average  velocity,  U., 
was  calculated  from  the  equation,  1 

m  -  pA^  (3) 

The  pressure  recovery  coefficient,  Cp,  was  then  calculated 
for  a  given  Reynolds  number,  from 


Sufficient  time  (as  much  as  1/2  hour)  was  allowed  to  let 
each  reading  stabilize. 


RESULTS  AND  DISCUSSION 


Variations  in  Cp  with  increasing  Reynolds  number  were 
measured  for  each  of *12  aspect  ratios.  Representative 
plots  are  shown  in  Figs.  4  through  8. 


Since  this  micromanometer  used  a  liquid  as  gauge  fluid, 
it  could  not  be  coupled  directly  to  the  diffuser  pressure 
taps.  A  three  fluid  coupling  (water-air-manometer  fluid) 
arrangement  with  a  converter  section  between  the  pressure 
taps  and  manometer  was  used.  A  pictorial  view  in  Fig.  3 
shows  the  test  setup.  For  accurate  measurements  of  small 
pressure  differentials,  sufficient  time  was  allowed  for 
the  air  temperatures  in  the  converter  section  to  equalize. 


V 
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In  each  of  Figs.  4  through  8,  a  steep  increase  in  Cp 
occurs  in  the  low  Reynolds  number  range  below  Re  “  7,000; 

The  performance  remains  fairly  independent  of  Reynolds 
number  above  a  value  of  about  15,000. 

At  low  Reynolds  number,  viscous  forces  tend  to 
dominate  over  the  inertia  forces  in  internal  flow.  The 
loss  due  to  viscous  dissipation  accounts  for  inefficient 
diffusion  thus  decreasing  Cp  considerably.  The  bulk  flow 
at  low  Reynolds  number  was  observed  to  be  laminar.  No 
boundary  layer  trips  were  used  at  the  diffuser  inlet,  so 
the  boundary  layer  remained  laminar,  as  made  clear  by  dye 
traces  injected  in  the  boundary  layer.  As  the  Reynolds 
number  was  increased  by  increasing  the  flowrate,  the 
boundary  layers  became  turbulent,  and  the  recovery  coef¬ 
ficient  increased.  A  turbulent  boundary  layer  is  thus 
found  to  improve  the  pressure  recovery  coefficient  for  a 
fixed  aspect  ratio. 

The  cross-plot  in  Fig.  9  illustrates  the  effect  of 
aspect  ratio  on  the  performance  of  a  diffuser  at  constant 
Reynolds  number.  Cp  increases  as  aspect  ratio  increases 
for  each  fixed  Reynolds  number  up  to  an  optimum  aspect 
ratio.  With  further  increases  in  aspect  ratio,  Cp  decreases 
slightly.  The  curves  shown  in  Fig.  9  suggest  a  trend  for 
the  optimum  aspect  ratio  as  the  Reynolds  number  of  the  flow 
increases.  For  Re  *  5,000,  the  optimum  AS  *  1.6;  for 
Re  «  10,000,  the  optimum  aspect  ratio  is  about  1.5,  while 
at  Re  ■  20,000,  AS  *  1.33  gives  maximum  Cp.  Thus  as 
Reynolds  number  increases,  best  recovery  is  obtained  with 
lower  aspect  ratio  units.  For  the  diffuser  geometry 
(N/Wi  *  18  and  26  ■  8*),  AS  *  1.33  appears  best  for 
Re  A  20,000. 

The  inlet  blocked  area  fraction,  B^,  was  measured  as  a 
function  of  Reynolds  number  for  3  different  aspect  ratios. 
The  results  are  shown  in  Fig.  10.  Some  scatter  in  these 
data  is  apparent  at  lower  Reynolds  numbers,  due  to  the  very 
small  dynamic  pressure  values  measured  at  low  flowrates. 
However,  the  data  show  a  consistent  trend  toward  lower 
blockage  as  Reynolds  number  is  increased. 

As  noted  earlier,  the  Sovran  and  Klomp  correlation 
was  based  on  diffuser  data  obtained  with  turbulent  boundary 
layers  and  high  Reynolds  numbers.  Therefore  the  correla¬ 
tion  should  agree  only  with  some  of  the  present  data,  those 
measured  at  high  Reynolds  number.  Table  1  shows  the  pre¬ 
dicted  Cp  values,  using  the  measured  blocked  area  fraction 
Bi,  from  rig.  10,  in  the  SK  correlation,  against  the  exper¬ 
imentally  calculated  values  of  Cp.  For  AS  “  0.94  the 
agreement  between  the  predicted  and  experimentally  calcu¬ 
lated  values  of  C  is  within  10  percent,  when  Re  i.  10,000 


TABLE  1 


Reynolds 

Aspect 

CP  * 

Percent 

Error 

Number 

Ratio 

*SK 

cp 

(absolute) 

2.65 

0.754 

0.709 

6.30 

20,000 

0.94 

0.766 

0.704 

8.80 

0.40 

0.808 

0.578 

39.8 

2.65 

0.718 

0.686 

4.66 

10,000 

0.94 

0.737 

0.671 

9.83 

0.40 

0.747 

0.531 

40.6 

2.65 

0.702 

0.610 

14.1 

5,000 

0.94 

0.710 

0.610 

16.4 

0.40 

0.716 

0.365 

96.1 

♦Calculated  from  correlation  of  Sovran  and  Klomp,  Ref.  2 


l.e.  with  turbulent  inlet  boundary  layers.  For  lower 
aspect  ratio  however,  there  is  considerably  better  agreement. 
This  can  be  explained  by  s  tudying  more  closely  how  Sovran 
and  Klomp  derived  their  correlation.  At  the  inlet  and  exit 
planes  of  a  diffuser, 

-  Px  +  \  pvJ  and  po^  -  P2  ♦  7  PV^  (5) 

where,  and  V2  represent  maximum  velocities  at  these 
planes.  From  Eqs.  5 

P2  '  *1  ■  I  pVl  (l  ■  ^5)  '  (Po1  ‘  PoJ  (6) 

Using  effective  area  fractions  E^  and  E2  as  designated 
by  Sovran  and  Klomp, 


m 

P 


E1A1V1 


E2A2V2 


Then  Eg.  6  can  be  written 


P->  -  Pi  “  7 


1  - 


2  2 
eiai 

~T~2 

E2A2 


(7) 


(8) 


Finally,  using  the  definition  of  recovery  coefficient. 
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(9) 


*2 

T 

J 


l 

T73 


EjAR 


The  ideal  one-dimensional  pressure  recovery  coef¬ 
ficient,  Cp . ,  depends  only  on  the  area  ratio,  AR.  It  can 
be  easily  snown  that 


(10) 


Thus,  the  coefficients  Ei  and  E?  in  Eq.  9  account  for 
velocity  profile  distortion  at  the  diffuser  inlet  and  exit 
planes.  This  velocity  profile  distortion  is  attributed  to 
insufficient  diffusion.  However,  the  stagnation  pressure 
loss,  pD.  -  pg2,  or  the  loss  coefficient  pQl  -  Poo/%  pU?» 
is  due  to  inefficient  diffusion.  In  general  diffuser 
losses  are  due  to  both  insufficient  and  inefficient  dif¬ 
fusion. 

Sovran  and  Klomp  assumed  negligible  stagnation  pressure 
loss  in  arriving  at  their  correlation  and  thus  allowed  for 
only  insufficient  diffusion  as  the  principal  factor  in  pre¬ 
dicting  the  pressure  recovery  coefficient. 


Thus 

the  actual  recovery 

coefficient 

could  be  written 

P  •  P  • 

p°i 

*P°2 

(ID 

P  PSK 

~T 

1 

where 

cD  -i-J-j 

PSK  Ej  EjAR* 

(12) 

The  results  shown  in  Table  1  suggest,  for  high  aspect  ratio 
diffusers  (AS  >  0.94),  operating  at  high  Reynolds  numbers, 
insufficient  diffusion  was  the  main  contributing  factor  in 
determining  Cp.  At  lower  Reynolds  numbers  (Re  <  5,000)  the 
inefficient  diffusion  effnct  was  no  longer  negligible.  For 
low  aspect  ratio  diffuser*  in  fact,  velocity  profile  dis¬ 
tortion  as  well  as  stagnation  pressure  loss  terms  were 
comparable  at  all  Reynolds  numbers.  The  "potential  core” 
was  practically  absent.  The  actual  Cp  thus  was  much  less 
than  the  predicted  value  of  Sovran  and  Klomp. 

A  study  of  flow  patterns  in  the  diffuser  was  also 
undertaken  at  increasing  Reynolds  number  for  all  the  aspect 
ratios.  Figure  11  represents  the  flow  pattern  at  Re  ■  3,760 
for  a  diffuser  with  AS  *  0.21.  The  stalled  and  reversed 
flow  areas  were  seen  clearly  using  dye  tracers.  The  sepa¬ 
ration  bubble  remained  stationary  for  a  few  seconds  and 
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then  slowly  marched  upstream  before  it  was  washed  out. 

When  the  Reynolds  number  was  increased  beyond  5,000  the 
stall  disappeared. 

An  interesting  type  of  stall  pattern  which  exhibited 
a  periodic  behavior  was  observed  for  AS  «  0.46  at  Re  *  3,890 
The  stall  developed  on  one  wall  near  the  exit  plane  of  the 
diffuser  and  was  washed  out  later  with  no  stall  for  small 
time  duration.  It  then  developed  on  the  other  wall  and  was 
eventually  washed  out.  This  shifting  of  stall  from  one  wall 
to  another  was  not  observed  with  any  other  geometry.  At 
Re  ■  4,300  switching  was  not  observed  and  stall  preferred 
one  wall.  No  stall  was  observed  beyond  Re  -  5,300. 

Figure  12  shows  the  flow  pattern  for  nearly  a  square 
diffuser  (AS  *  1.12)  at  Re  ■  2,220.  A  two  dimensional 
stall  was  observed  on  one  wall  but  it  was  not  bistable 
in  nature.  Introduction  of  dye  through  a  pressure  tap  2 
inches  downstream  from  the  throat  also  indicated  the 
existence  of  the  stall.  At  Re  ■  4,700  the  two  dimensional 
stall  disappeared  and  small  local  spots  of  recirculation 
were  observed.  No  stall  was  seen  above  Re  *  5,600. 

In  Fig.  13  a  flow  pattern  fcr  AS  *  1.37  at  Re  *  2,440 
is  shown.  Dye  injected  in  the  exit  plane  traveled  upstream 
along  the  diffuser  floor.  Stall  was  also  observed  on  one 
diverging  wall.  No  stall  however  was  found  at  Reynolds 
numbers  beyond  5,400. 

A  two  dimensional  stall  was  observed  at  Re  ■  3,500  for 
AS  -  2.21  as  shown  in  Fig.  14.  This  stall  was  not  bistable 
in  nature  and  as  the  Reynolds  number  was  increased  stall 
disappeared  as  in  all  the  previous  cases. 


CONCLUSIONS 


Experiments  were  performed  on  plane  wall  diffusers 
with  N/W}  *  18  and  26  ■  8*  for  twelve  different  aspect 
ratios.  Results  of  measurements  of  pressure  recovery 
coefficient  and  flow  regime  behavior,  revealed  the  fol¬ 
lowing  : 

1.  At  constant  aspect  ratio,  the  pressure  recovery 
coefficient,  Cp,  increased  monotonically  with 
Reynolds  number  for  all  aspect  ratios  tested. 

Cp  increased  rapidly  in  the  Reynolds  number 
range  between  3,000  and  7,000.  The  increase 
was  less  rapid  at  Reynolds  numbers  above  10,000. 


2.  At  constant  Reynolds  number ,  recovery  first 
increased  and  then  decreased  with  steadily 
increasing  aspect  ratio.  The  aspect  ratio  for 
optimum  recovery  decreased  slightly  as  Reynolds 
numbers  increased. 

3.  Flow  regime  changed  with  increasing  Reynolds 
number.  At  low  Re,  jet  flow  was  observed  in 
some  low  aspect  ratio  diffusers,  while  a  two 
dimensional  stall  pattern  was  exhibited  in 
diffusers  with  AS  Z.  0.94  up  to  Re  B  5,000. 

Above  Re  *  5,000  none  of  the  diffuser  units 
tested  exhibited  stall. 
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Abstract 


An  analytical  study  of  the  effect  of  heat  and  mass  transfer  on 
the  flow  properties  of  a  gas  stream  flowing  through  a  duct  with  constant 
cross-sectional  area  in  both  the  subsonic  and  supersonic  regions  is 
reported.  A  relation  of  equivalence  between  the  dimensionless  heat  and 
■ass  transfer  which  Influence  the  dimensionless  flow  'properties  is 
established.  The  mass  transfer  has  the  same  effect  on  the  pressure 
ratio,  between  the  down -and -up  stream,  aa  the  heat  transfer.  In  the 
subsonic  region,  the  Increase  of  heat  or  mass  supplied  to  the  flow 
causes  the  decrease  of  the  pressure  ratio.  The  Increase  of  the  with¬ 
drawal  of  heat  or  miss  from  the  flow  causes  the  increase  of  the  pressure 
ratio.  In  the  supersonic  region,  the  effects  are  reversed. 


1.  Introduction 


The  transfer  process  consists  of  momentum,  heat  and  mass  trans¬ 
fer.  In  fluidic  circuits,  momentum  transfer  has  been  effectively 
utilized.  However,  the  use  of  heat  and  mass  transfer  lags  far  behind 
that  of  momentum  transfer.  In  the  present  work,  an  analytical  study  of 
the  effect  of  heat  and  mass  transfer  on  the  flow  properties  of  a  gas 
stream  through  a  duct  with  constant  cross-sectional  area  is  reported. 

In  general,  one-dimensional  compressible  flows  in  ducts  with 
variable  erons-sectional  areas  may  have  chemical  reaction,  change  of 
phase,  transfer  of  heat,  mass,  and  work,  etc.  Shapiro  [lj  described 
such  a  problem  with  differential  equations  and  his  end  results  were 
carried  out  numerically.  Under  certain  simplifications,  a  one-dimen¬ 
sional  compressible,  isentroplc  flow  with  heat  md  mass  transfer  was 
treated  by  Lin  [2]  using  integral  equations  to  get  approximate  closed 
solutions.  In  this  paper,  a  method  similar  to  that  In  [2]  is  used. 
However,  the  friction  loss  in  the  duct  is  considered.  The  advantage  of 
the  method  used  is  that  from  the  closer)  solutions,  a  clear  view  of  the 
effect  of  heat  and  mass  transfer  on  flow  properties  can  be  obtained. 
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2.  One-dimensional  flow  with  heat  and  mass  transfer 

For  calculating  a  one-dimensional  compressible  steady  flow  In  a 
duct  with  constant  cross-sectional  area,  and  with  heat  and  mass  trans¬ 
fer,  the  following  assiaptions  are  made: 

(1)  The  heat  and  mass  transferred  to  the  stream  in  the  duct  are 
uniformly  distributed  over  the  whole  cross-sectional  area;  the 
upstream  state  Is  kept  constant  during  the  heat  and  mass  trans¬ 
fer  into  the  stream. 

(2)  The  gases  of  the  mainstream  and  of  the  supply  are  perfect  gases 
with  constant  specific  heats.  To  simplify  the  problem.  It  is 
assumed  that  the  gas  supplied  is  the  same  as  that  in  the  main¬ 
stream,  or  that  the  quantity  of  gas  supplied,  which  is  different 
from  that  In  the  mainstream,  is  small  in  comparison  to  that  of 
the  mainstream.  The  change  in  chemical  composition  can  then  be 
ignored. 

(3)  There  is  no  body  force  acting  on  the  fluid  and  no  change  in 
elevation. 

The  system  of  governing  equations  for  the  flow  in  the  duct  bet¬ 
ween  two  sections  can  be  expressed  as  follows: 


■•the  continuity  equation: 

‘2 


t 

*2 

'i¥  + 

.  xi 


m(x)dx  -  P2V2A, 
the  momentum  equation: 


(P|  ♦  PjV})A  -  J  Twds  «  <p2  ♦  p2v2)a. 


-the  energy  equation: 


(1) 


(2) 


(3) 


(4) 


o 


o 

o 
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where  P  is  the  density,  V  the  velocity,  A  the  cross-sec tlonsl  area,  x 
the  axial  coordinate  of  the  duct,  A(x)  the  mass  transferred  in  the 
direction  perpendicular  to  the  x-coordinate  per  unit  tine  and  unit 
length,  p  the  pressure,  tw  the  shear  stress  at  the  duct  wall,  s  the 
surface  of  the  duct  wall  between  the  sections  1  and  2,  cp  the  specific 
heat  at  constant  pressure,  T  the  absolute  teaperature,  and  $(x)  the 
heat  supplied  per  unit  tlae  and  unit  length.  The  subscripts  1,  2  and 
s  refer  to  the  states  at  positions  respectively  upstreaa  of,  downstream 
of,  and  in  the  region  where  the  heat  and  mass  are  being  transferred. 

Due  to 


T 


W 


(5) 


the  term  of  the  shear  stress  in  eq.  (2)  can  be  expressed  as 

/. 

where  f  is  the  friction  coefficient.  By  waking  use  of  an  average  value 
of  — p— -  the  above  integral  tern  can  then  be  integrated 

Tyds  *  ttD(x2-x1)^-V-  “  ~2— ■■  fpV2.  (7) 

To  obtain  an  explicit  expression  of  the  average  value  of  fpV2,  the 
following  linear  relationship  is  assumed: 


fpv2  =  f12(PivJ  +  ep2v2), 


(8) 


where  fJ2  and  8  ire  constants.  Substituting  eq.  (8)  into  eq.  (7)  gives 
Tyd®  =  Ao(PjV^  +Bp2V2),  (9) 

2(x2  -  x,)T, 


/■ 


whera 


1'  12 


(10) 


For  the  above  approximation,  it  is  understood  that  there  is  no  shock 
wave  taking  place  in  the  region  between  positions  1  and  2. 


Introducing  the  following  dimensionless  variables 


c„T.  +  v:/2 


r  -  a  +  «)2  p-  . 
m2 

(1 

v2 

♦  -(!  +  ■)/  . 

1 

(1 

e  *  a  +  «)2  II  f 

Ai 

(H 

P  m*L 

(i; 

Pi  * 

and  using  the  Mach  number  relationships 

V? 

rr  * <«  -  dm?  » 

pi  1 

(18 

pivi  mK*rf  » 

(19 

TT  . 

(20 

where  T0,  la  the  stagnation  temperature  of  state  1, 
the  specific  heats,  the  system  of  equations  (1)  to 

and  k  the  ratio  of 
(4)  becomes 

1  +  (1  -  O)  -  -iy  P  ♦  (1  +  0$) 


cm2 


tcH" 


a  +  ^h1  +  “*o +  <o>  *  ttKt  (e  +  ir  *Z*2)  * 


P  =  i 
r  r  . 


This  system  of  equations  can  be  solved  as  follows: 


1  +  (l-o)icM* 
2<*±i  +  a0ic)M^ 


1  ± 


A  .  ._L+L-I 

✓  1  +  iw 


*  -  r  . 


P  =  1  +  KM^Kl-a)  -  (l-hxe)r]  , 


e  =  pr  , 


.  "!  r 

“d  ^  ? 


where  E  *  (1  +  m)(l  +  meQ  +  qQ)  -  1  , 


and  Emax  * 


[1+(1-o)kM^]5 


4(^r  +  uB<)Mf(l  +  *~M^) 


-  1  . 


(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 


The  above  solutions  indicate  that  the  heat  and  mass  transfer 
are  combined  in  a  single  energy  term  E  in  eq.  (30) ,  which  is  denoted 
hereafter  as  the  total  energy. 


3.  Determination  of  the  constant  B 

The  heat  and  mass  transferred  to  the  mainstream  always  act  to 
move  the  Mach  number  at  the  downstream  position,  M2,  towards  unity, 
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4.  Equivalence  between  the  heat  and  mass  transfer 

Let  Q  =  me0  +  qQ  (42) 

be  the  dimensionless  total  heat  transferred  to  the  mainstream.  Then  the 
total  energy  can  be  expressed  as 

E  *  (1  +  ■)<!  +  Q).  (43) 


From  this  equation,  It  is  obvious  that  the  effect  produced  by  the  mass 
transfer,  m,  on  the  dimensionless  flow  properties  (T,  <|i,  P,8  and  M2)  is 
the  same  as  that  produced  by  the  total  heat  transfer,  Q.  However,  in 
the  real  case,  the  mass  transfer  has  other  functions  which  directly 
Influence  the  ratios  of  density,  velocity,  and  temperature,  but  do  not 
influence  the  ratio  of  the  pressure,  as  indicated  In  eqs.  (14)  to  (17). 


5.  Discussion  of  the  value  of  a 


In  eqs.  (35)  to  (41),  the  value  of  a,  which  is  defined  by  eq. 
110),  is  unknown  because  the  mean  value  of  the  friction  coefficient, 
112,  between  the  sections  1  and  2  is  unknown.  In  general,  the  value  of 
fI2  has  to  be  determined  experimentally.  However,  if  the  quantity  of 
heat  or  mass  transferred  to  or  from  the  control  circuit  is  relatively 
small  in  comparison  with  the  total  enthalpy  or  mass  of  the  mainstream, 
respectively,  then  the  effect  of  the  heat  or  mass  transfer  on  the  fric¬ 
tion  coefficient  can  be  neglected.  For  such  a  case,  the  mean  value  of 
the  friction  coefficient  can  be  determined  by  Shapiro's  work  [l]. 

For  the  purpose  of  discussion  of  the  effect  of  the  heat  and 
mass  transfer  on  the  flow  properties  downstream,  a  fixed  value  of  0.1 
will  be  assigned  to  a. 


6.  Critical  total  energy 

From  eq.  (35),  it  is  seen  that  E,,^  is  the  maximum  amount  of  the 
total  energy  that  can  be  transferred  to  the  flow  since  imaginary  results 
are  obtained  for  E  >  In  Figs.  1  and  2,  ^  is  plotted  as  a 

function  of  M.  in  the  suosonlc  and  supersonic  regions  for  k  =  1.4  and 
a  =  0.1.  In  the  region  0.675  <  M.  <  1.866,  the  Mach  number  at  section 
2  has  already  reached  sonic  velocity  due  to  the  friction  effect.  There¬ 
fore,  no  energy  is  allowed  to  supply  the  flow  in  this  region.  It  is 
also  seen  that  there  is  no  limitation  of  E^x  when  Mj  approaches  zero. 
However,  when  M}  approaches  infinity,  there  exists  an  asymptote  as 
follows: 
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te  In  properties 


Because  of  the  approximation  used  in  eq.  (9),  a  shock  wave 
relationship  should  be  excluded.  Therefore,  only  the  minus  sign  in 
eq.  (35)  can  be  used.  Figs.  3  to  10  show  the  effect  on  the  flow 
properties  of  the  total  energy  transferred  to  the  flow  in  both  the  sub¬ 
sonic  and  supersonic  regions.  The  following  table  aunaarlses  the  rela¬ 
tionship  for  increasing  the  total  energy  supplied: 


In  subsonic  flow  In  supersonic  flow 


M1  <  1 

Hj  >  i 

r 

increase 

decrease 

* 

Increase 

decrease 

p 

decrease 

increase 

e 

increase 

increase 

increase 

decrease 

Figs.  11  to  18  ahov  the  effect  on  the  flow  properties  of  the  withdrawal 
of  the  total  energy.  The  following  table  also  summarizes  the  relation¬ 
ship  for  increasing  the  withdrawal  of  the  total  energy: 

In  subsonic  flow 

In  supersonic  flow 

Mj  <  1 

Mj  >  1 

r 

decrease 

Increase 

* 

decrease 

increase 

p 

Increase 

decrease 

e 

decrease 

decresse 

M2 

decrease 

Increase 

For  Increasing  the  withdrawal  of  the  total  energy,  there  exists  a  limi¬ 
tation  because  the  mass  flow  rate  and  the  stagnation  enthalpy  carried 
by  the  mass  flow  rate  are  limited.  Therefore,  T  and  6  in  Figs.  11  and 
13,  respectively,  in  the  subsonic  region,  and  P  and  8  in  Figs.  16  and 

17  in  the  supersonic  region,  do  not  reach  to  the  zero  point. 
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Control  In  Fluidic  Circuits 


The  effect  of  heat  and  mass  transfer  on  the  pressure  of  the 
flow  Is  a  major  Interest  in  the  control  of  fluidic  circuits.  From  the 
definition,  eq.  (17),  the  dimensionless  parameter  P  does  not  include 
the  parameter  m.  Therefore,  the  effect  produced  by  the  mass  transferred, 
m,  on  the  parameter  P  is  exactly  the  same  aa  that  produced  by  the  total 
heat  transferred,  Q.  In  the  subsonic  region,  the  Increase  of  heat  or 
mass  supplied  to  the  flow  causes  the  decrease  of  the  parameter  P. 

However,  the  Increase  of  the  withdrawal  of  heat  or  mass  from  the  flow 
causes  the  increase  of  the  parameter  P.  In  the  supersonic  region,  the 
effects  are  reversed.  . 


9.  Conclusions 


Heat  and  mass  transfer  as  control  parameters  in  fluidic  circuits 
are  analyzed.  The  relation  of  equivalence  between  the  dimensionless 
heat  and  mass  transfer  which  influence  the  dimensionless  flow  proper¬ 
ties  is  established.  The  mass  transfer,  m,  has  exactly  the  same  effect 
on  the  pressure  ratio  between  sections  2  and  1  as  the  heat  transfer,  Q. 
In  the  subsonic  region,  the  increase  of  heat  or  mass  transferred  to  the 
flow  causes  the  decrease  of  the  pressure  ratio  P.  The  increase  of  heat 
or  mass  transferred  from  the  flow  causes  the  Increase  of  the  pressure 
ratio  P.  In  the  supersonic  region,  the  effects  are  reversed. 
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List  of  Symbols 
A  cross-sectional  area 

Cp  specific  heat  at  constant  pressure 

D  diameter 
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List  of  symbols  (cont'd) 

e0  dimensionless  totel  enthalpy  per  unit  mess  transferred  defined 
in  eq.  (13) 

E  totel  energy  defined  in  eq.  (40) 

Emt  maximum  total  energy  defined  in  eq.  (41) 

f  friction  coefficient 

f  12  mean  value  of  the  friction  coefficient  between  Xj  and  x2 

m  dimensionless  mass  transfer  defined  in  eq.  (11) 

m(x)  mass  transfer  per  unit  time  and  unit  length 

M  Mach  number 

p  pressure 

P  dlment ionless  pressure  defined  in  eq.  (17) 

4(x)  heat  transfer  per  unit  time  and  unit  length 

q0  dimensionless  heat  transfer  defined  in  eq.  (12) 

Q  dimensionless  total  heat  transferred  defined  in  eq.  (42) 

a  surface  at  the  duct  wall 

T  temperature 

V  velocity 

x  axial  coordinate 

a  constant  defined  in  eq.  (10) 

0  constant 

T  dimensionless  density  defined  in  eq.  (14) 

8  dimensionless  temperature  defined  in  eq.  (16) 

•c  ratio  of  specific  heats 

p  density 

tw  shear  stress  at  duct  wall 

♦  dimensionless  velocity  defined  in  eq.  (IS) 

Subscripts 

1,  2,  s  referring  to  the  states  at  positions  respectively  upstream  of, 
downstream  of,  and  in  the  region  where  heat  and  mass  ara  being 
transferred 

0  referring  to  stagnation  state 
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Fit. 13:  Dlnenslonless  density  as  a  function  of 
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with  negative  E/tau  as  paraaetet  for 
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THRUST  AND  ASSOCIATED  PHENOMENA  OF  FREE  AND  SUBMERGED  JETS 

Ernest  A.  Taylor,  Jr. 

Monsanto  Textiles  Company 

During  a  series  of  discussions  about  jet  propelled  boats  a  number  of 
years  ago,  I  was  able  to  demonstrate  that  a  free  jet  has  more  thrust 
than  a  submerged  jet.  I  adjusted  the  pistol  grip  nozzle  on  a  garden 
hose  to  produce  a  high  velocity  jet.  When  I  held  the  hose  about  three 
feet  back  from  the  nozzle  and  turned  the  water  on,  the  thrust  of  the 
vertical  jet  raised  the  nozzle  about  six  Inches.  When  the  nozzle  was 
lowered  Into  a  bucket  of  water,  the  nozzle  dropped  some  two  or  three 
Inches  when  the  tip  touched  the  water  surface.  This  simple,  repeatable 
demonstration  was  convincing  "proof"  that  a  free  jet  produces  more 
thrust  than  a  submerged  one,  although  I  could  not  explain  why. 

In  recent  years,  some  of  my  work  has  been  Involved  with  the  flow  of 
liquid  Into  various  types  of  diffusers.  When  I  ran  Into  several  bottle¬ 
necks,  I  kept  remembering  the  experiment  with  the  garden  hoze  nozzle.  So 
I  wrote  letters  to  three  authorities  on  fluid  flow  asking  for  their  com¬ 
ments  on  this  problem.  All  three  wrote  me  considered  replies  explaining 
the  reason  for  this  phenomenon.  When  I  was  given  an  opportunity  to  pre¬ 
pare  this  paper,  I  had  to  verify  for  myself  the  reason  for  this  behav¬ 
ior.  As  a  result  of  my  work,  I  have  learned  that  neither  my  correspon¬ 
dents  nor  I  were  fully  Informed  on  the  problem.  Like  many  other  things 
In  life,  this  problem  Is  simple  only  at  first  blush. 

Many  years  ago,  Lord  Kelvin  said,  “...when  you  can  measure  what  you 
are  speaking  about,  and  express  It  In  numbers,  you  know  something  about 
It;  but  when  you  cannot  measure  It,  when  you  cannot  express  It  In  num¬ 
bers,  your  knowledge  Is  of  a  meager  and  unsatisfactory  k1nd."(1)  Until 
this  time,  I  did  not  have  any  numbers  for  the  thrusts  Involved,  only  re¬ 
peated  observations.  The  first  order  of  the  day  was  to  upgrade  my 
knowledge  of  the  problem.  A  carefully  performed  backyard  experiment 
with  my  garden  hose  nozzle  revealed  that  the  thrust  of  the  free  jet  was 
three  ounces  and  the  thrust  of  the  submerged  jet  was  two  ounces.  The 
problem  now  was  simply  to  explain  why  submerging  the  tip  of  the  nozzle 
beneath  a  water  surface  would  reduce  the  thrust  of  the  jet  by  one-third. 

My  three  correspondents,  each  In  his  own  way,  had  suggested  that  the 
decreased  thrust  of  the  submerged  jet  was  because  of  reduced  pressure  at 
the  nozzle  exit  created  by  induced  secondary  flow.  I  designed  three 
nozzles  of  one-quarter  Inch  tubing,  each  with  a  flat  plate  of  a  differ¬ 
ent  area  welded  to  the  tip  of  the  nozzle.  By  carefully  measuring  water 
flow  to  the  nozzle  and  the  nozzle  thrust  both  free  and  submerged,  I  was 
confident  that  I  could  easily  determine  the  reduced  pressure  at  the  face 
of  each  plate  due  to  the  Induced  secondary  flow.  Imagine  my  astonish¬ 
ment  when  I  discovered  that  the  thrusts  of  these  jets  were  Identical  for 
the  same  flow  rate  whether  they  were  free  or  submerged. 

It  was  obvious  that  I  had  failed  to  Identify  the  problem.  An  exami¬ 
nation  of  my  garden  hose  nozzle  revealed  what  I  had  missed.  The  tip  was 
cone  shaped.  Aha!  So  I  added  an  Identical  cone  to  the  tip  of  a  quarter 
Inch  tube.  But  the  free  and  submerged  jets  still  had  Identical  thrusts. 
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A  searching  reexamination  of  the  garden  hose  nozzle  led  me  to  take 
serious  consideration  of  the  center  plunger  for  the  first  time.  The  po¬ 
sition  of  this  plunger  determines  whether  the  water  from  the  nozzle  Is  a 
fine  spray  or  a  high  velocity  stream.  When  the  nozzle  was  adjusted  to 
produce  a  high  velocity  jet,  I  became  aware  that  there  was  a  bubble 
trapped  Inside  the  jet  and  attached  to  the  tip  of  the  plunger.  It  Is 
really  strange  that  I  had  never  observed  that  before.  With  sudden  In¬ 
sight,  I  modified  a  one-qi-arter  Inch  tube  by  centering  a  one-eighth  Inch 
rod  In  It  with  the  tip  of  the  rod  retraicted  5/32  Inch  from  the  nozzle 
exit.  With  this  nozzle,  I  was  able  to  measure  a  distinct  difference 
between  the  thrusts  of  the  free  and  submerged  jets  for  the  first  time. 
By  using  a  slightly  larger  rod  and  adjusting  Its  retraction  Inside  the 
nozzle,  I  was  able  to  Improve  the  thrust  and  Increase  the  difference  In 
thrust  between  the  free  and  submerged  jets.  However,  It  was  quite  dif¬ 
ficult  to  Install  the  rods  and  keep  them  centered  In  the  tubes. 

In  analyzing  the  data  from  these  modified  jets,  I  calculated  the  jet 
exit  velocity  from  the  flow  and  thrust  data.  I  found  the  exit  velocity 
of  the  free  jet  to  be  higher  than  that  of  the  submerged  jet  for  the  same 
flow  rate.  I  also  observed  that  the  trapped  air  bubble  Inside  the  free 
jet  disappeared  when  the  tip  of  the  nozzle  was  submerged.  However,  It 
reappeared  when  the  nozzle  tip  was  lifted  clear  of  the  water.  The  high¬ 
est  thrust  valued  occurred  In  the  free  jet  with  the  trapped  air  bubble. 
In  my  reading,  I  learned  that  the  friction  factor  of  a  jet  passing  over 
a  region  of  low  velocity  fluid  can  be  up  to  about  twenty  times  the  fric¬ 
tion  factor  of  a  turbulent  boundary  layer  along  a  smooth  wall. (2)  This 
higher  friction  factor  Increases  the  shear  stress  at  the  jet  boundary. 
When  the  nozzle  tip  Is  submerged,  the  jet  exits  from  the  nozzle  Into  a 
relatively  low  velocity  fluid.  The  resulting  high  shear  stress  at  the 
jet  boundary,  as  mentioned  above.  Increases  the  turbulence  Inside  the 
jet.  This  Is  one  reason  that  a  submerged  jet  spreads  more  rapidly  than 
a  free  jet.  The  trapped  air  bubble  Is  aspirated  away  by  the  now  turbu¬ 
lent  jet  and  Is  replaced  by  a  short  separation  bubble  of  fluid.  The  jet 
now  spreads  Inward  to  close  Itself  around  the  envelope  of  this  separa¬ 
tion  bubble.  Since  the  mass  flow  rate  remains  essentially  constant,  the 
jet  velocity  decreases  as  the  cross  sectional  area  of  the  jet  increases. 
Some  of  this  jet  spreading  and  the  resulting  velocity  decrease  occurs 
before  the  jet  reaches  the  nozzle  exit.  The  thrust,  being  a  function  of 
the  velocity  squared,  Is  therefore  reduced.  When  the  submerged  jet  Is 
lifted  clear  of  the  water,  the  high  shear  stress  at  the  jet  boundary  Is 
eliminated.  Jet  turbulence  Is  diminished  and  the  jet  spreading  Is  re¬ 
duced.  This  lowers  the  pressure  In  the  separation  bubble.  Apparently, 
the  jet  ruptures  to  admit  air  and  relieve  this  low  pressure  at  the  cen¬ 
ter  of  the  jet,  thus  reestablishing  the  trapped  air  bubble  at  the  end  of 
the  rod  and  Increasing  the  jet  exit  velocity  and  thrust  thereby. 

In  a  solid  jet,  the  thrust  for  a  given  flow  rate  is  constant  whether 
the  jet  Is  free  or  submerged.  In  a  garden  hose  nozzle,  the  center 
plunger  produces  a  hollow  jet  with  the  hollow  extending  Into  the  nozzle. 
The  thrust  of  the  free  jet  Is  high.  When  this  nozzle  Is  submerged,  the 
accentuated  jet  spreading  extends  Into  the  nozzle,  reducing  the  thrust. 

This  answered  one  question  but  now  there  Is  another.  How  much  vacu¬ 
um  Is  In  the  separation  bubble.  Alas!  There  Is  no  way  to  measure  It. 
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But,  wait!  Suppose  the  jet  Is  turned  Inside  out!  I  decided  to  use 
a  one-eighth  Inch  tube  Inside  a  one-quarter  Inch  tube.  The  small  tube 
would  carry  the  water  for  the  jet  and  the  large  tube  would  confine  the 
separation  bubble.  I  designed  and  built  a  nozzle  on  this  basis  with  a 
connection  for  a  vacuum  gauge  at  the  top  of  the  large  tube.  Using  a 
vernier  caliper  with  a  depth  gauge,  I  could  set  the  end  of  the  small 
tube  any  distance  Inside  the  large  tube  and  measure  the  retraction  to 
one-thousandth  of  an  Inch.  With  the  one-eighth  Inch  tube,  I  was  limiter 
to  water  flow  rates  of  0.4,  0.5,  0.6  and  0.7  gallon  per  minute.  With 
this  nozzle,  I  measured  the  water  flow,  thrust  and  separation  bubble 
vacuum  of  the  submerged  jet  at  various  retractions  up  to  two  Inches. 
When  I  began  to  plot  data  from  these  tests,  I  found  It  quite  nonlinear. 
In  looking  for  correlations,  I  decided  to  examine  the  performance  of 
this  nozzle  as  a  diffuser.  The  Inside  diameter  of  the  small  tube  was 
0.075  Inch  and  that  of  the  large  tube  was  0.190  Inch.  For  every  retrac¬ 
tion  Increment,  I  calculated  the  angle  between  Imaginary  lines  from  the 
exit  diameter  of  the  small  tube  to  the  exit  diameter  of  the  large  tube. 
These  Imaginary  lines  defined  an  Imaginary  conical  diffuser.  The  angle 
between  these  lines,  two  theta.  Is  shown  on  the  graphs  of  the  data. 

The  data  taken  with  this  nozzle  Is  plotted  as  graphs  on  the  follow¬ 
ing  page.  Graph  number  1,  on  logarithmic  paper,  shows  that  the  curve  of 
thrusts  for  each  flow  rate  has  two  constant  values  with  a  true  logarith¬ 
mic  section  In  between.  For  retractions  between  0.2  Inch  and  zero,  the 
thrust  Is  maximum  and  Is  the  same  whether  the  nozzle  Is  submerged  or 
free.  There  Is  a  smooth  transition  to  the  logarithmic  curve  of  de¬ 
creasing  thrust  which  terminates  abruptly  at  a  retraction  of  about  1.2 
Inches  at  the  minimum  thrust  value  for  the  submerged  jet.  For  the  free 
jet,  there  Is  no  change  In  thrust  or  vacuum  with  any  retraction  as  long 
as  the  jet  does  not  touch  the  sides  of  the  large  tube.  Graph  number  2 
shows  that  there  Is  no  vacuum  In  the  separation  bubble  of  the  submerged 
nozzle  until  the  small  tube  Is  retracted  more  than  0.2  Inch.  Then,  It 
Increases  rapidly,  reaching  a  maximum  value  at  a  retraction  of  1.2  Inch¬ 
es.  The  cause  for  this  behavior  Is  shown  In  figures  1,  2  and  3.  These 
figures  show  the  tip  of  the  small  tube  retracted  Inside  the  one-quarter 
Inch  tube.  In  practice,  these  tubes  are  vertical.  In  figure  number  1, 
the  jet  Is  shown  entraining  fluid  from  the  space  between  the  jet  bound¬ 
ary  and  the  Inside  wall  of  the  large  tube.  However,  there  Is  ample  room 
for  a  flow  of  make-up  water  to  replace  that  aspirated  by  the  jet.  Thus, 
there  Is  no  established  separation  bubble  and  no  measurable  vacuum.  The 
jet  has  not  spread,  since  there  Is  no  change  In  thrust.  In  figure  num¬ 
ber  2,  at  a  retraction  of  0.6  Inch,  there  Is  a  considerable  reduction  In 
thrust  with  a  corresponding  jet  spread.  The  equation  for  thrust  -’akes 
It  possible  to  calculate  the  jet  diameter.  This  larger  jet  diameter 
partly  closes  the  exit  of  the  large  tube,  reducing  the  make-up  water 
flow  to  the  separation  bubble,  which  is  now  well  established.  As  graph 
number  2  shows,  there  Is  a  considerable  vacuum  In  the  separation  bubble 
at  this  point.  In  figure  number  3,  the  jet  has  spread  to  essentially 
fill  the  exit  of  the  large  tube.  No  make-up  water  can  now  flow  to  the 
separation  bubble.  At  this  point,  the  thrust  has  reached  Its  lowest 
value  and  the  vacuum  Its  highest.  Further  retraction  causes  no  change 
In  either. 

Graph  number  3  shows  the  thrust  plotted  on  rectangular  coordinate 
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THRUST*  tl  6 RAMS,  VACUUM*  «•  IN.  HC.  THRUST*  74  ©RAMS.  NO  VACUUM. 

JET  DIAIjETER  *  O.I2I  AT  TIP  OF  1/4**  DIA.  TUSC.  JET  DIA  .«  0.073  . 


THRUST*  14  SRAMS  AT  0.7  OPM,  SAME  FLOW  FOR  EACH  FIQURE.  VACUUM  AT  TIP 
OF  l/>"  DIA.  TUSE*  0.5"  IN.  HO,  JET  OIA.«  Q.I70WAT  TIP  OF  1/4"  TUSE. 

paper  and  graph  number  4  shows  the  separation  bubble  vacuum  plotted  on 
the  sane  paper.  These  four  graphs  have  the  retraction  of  the  small  tube 
as  the  abscissa.  At  the  top  of  these  graphs,  the  theoretical  diffuser 
angle  two  theta  Is  shown  for  reference. 

Graphs  number  5  and  6  show  the  theoretical  diffuser  angle  two  theta 
as  the  abscissa.  In  both  of  these  graphs.  It  Is  Intriguing  that  both 
the  thrust  and  separation  bubble  vacuum  plot  as  straight  lines,  although 
at  different  slopes,  over  the  major  portion  of  each  graph.  I  cannot  ac¬ 
count  for  this.  It  Is  very  significant  that  both  of  these  curves  flat¬ 
ten  out  at  a  theoretical  diffuser  angle  of  less  than  six  degrees.  This 
shows  that  the  jet  spread  angle  Is  Identical  with  the  most  efficient 
diffuser  angle.  It  Is  also  highly  significant  that  the  logarithmic  por¬ 
tion  of  the  thrust  curve  occurs  between  the  theoretical  diffuser  angles 
of  about  six  and  twenty  two  degrees.  This  agrees  with  the  Investiga¬ 
tions  of  Cochran  and  K11ne(3)  who  found  that  the  flow  through  a  straight 
walled  diffuser  was  attached  to  both  walls  until  the  diffuser  angle  was 
Increased  to  almost  twenty  one  degrees,  although  the  flow  began  to  be 
unsteady  at  about  seventeen  degrees. 

I  have  also  discovered  other  correlations  which  are  Impossible  to 
discuss  In  these  few  pages.  I  am  convinced  that  thrust  Is  a  tool  that 
can  be  employed  with  profit  In  defining  jet  spread  and  other  parameters 
required  for  the  most  efficient  design  of  fluidic  equipment. 
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The  phenomena  of  particle  flow  in  a  bistable  wall  attachment  fluidic 
device  were  first  investigated  by  Chen  and  Hogland.  Their  studies  were 
mainly  concerned  with  the  two-phase  flows  of  solids  in  gas  streams.  This 
study,  however,  is  concentrated  on  the  hydraulic  aspects  of  solid  flow  in 
a  fluidic  device  which  is  submerged  in  liquid. 

In  our  study,  experlamnts  were  conducted  in  order  to  evaluate  the 
effect  of  solid/fluid  density  ratio,  supply  pressure,  and  the  depth  of  sub¬ 
mergence  upon  the  percentage  of  particle  recovery  at  the  active  output. 

Results  show  a  higher  recovery  efficiency  for  lower  density  ratios  which  in 
fact  confirm  the  original  observations.  Entrainment  strength  also  plays 
an  Important  role  in  determining  the  efficiency.  These  findings  are  described 
in  detail  and  substantiated  by  a  graph. 

This  study  demonstrates  that  non-moving  part  bistable  fluidic  devices 
can  be  enq>loyed  with  high  levels  of  efficiency  in  directing  the  flow  of 
particles  moving  in  a  liquid  stream.  It  is  expected  that  this  project 
could  lead  to  applications  in  industrial  processes  and  slurry  controls. 

INTRODUCTION 


The  bistable  fluid  device  is  a  non-moving  part  device  which  utilizes 
the  wall  attachment  phenomenon,  commonly  known  as  Coanda  effect,  to  control 
flow  direction  between  two  possible  outputs.  The  Coanda  effect  is  primarily  used 
in  designing  the  digital  type  of  fluidic  devices.  However,  this  study  is 
concerned  with  the  investigation  of  a  bistable  device  capable  of  transporting 
solid  particles.  The  investigation  of  such  a  device  which  can  be  used  to 
perform  this  function  was  first  attempted  by  Chen  and  Hogland  (1,2).  In 
their  studies,  solid  particles  were  sent  through  a  bistable  fluid  device, 
and  the  collecting  efficiency  for  particle  of  various  sizes  under  different 
pressures  were  co^>uted.  They  defined  the  collecting  efficiency  as  the  ratio 
of  the  number  of  particles  collected  at  the  active  output  to  the  total 
number  of  particles  received  at  both  outputs.  Their  study  mainly  was  con¬ 
centrated  on  the  flow  of  light  particles  in  the  air  stream. 

The  device  described  in  their  first  study  (referred  to  as  the  basic 
device)  was  Incapable  of  obtaining  a  100X  collecting  efficiency.  Their 


Prscsdlsg  pm  Mnk 


603 


second  study  involved  the  design  and  testing  of  three  Modifications  of  the 
basic  device.  The  designs  included:  (a)  Lifted  legs,  (b)  Blocking  vane, 
and  (c)  Guiding  vane.  All  three  Nullifications  reported  a  nominal  100% 
collecting  efficiency. 

In  this  on-going  study,  water  is  used  aa  the  transporting  medium. 

No  modification  of  any  kind  to  the  so  called  basic  device  was  employed  up 
to  this  point  of  experimentation.  Since  the  density  of  particles  is  different 
from  that  of  the  working  fluid,  particle  tends  to  move  with  different 
velocity  as  compared  to  its  surrounding  fluid.  A  particle  moving  along  a 
straight  streamline  which  does  not  have  a  significant  difference  in  transverse 
velocity  gradient,  tends  to  stay  on  the  streamline.  In  this  case,  the 
forces  acting  on  the  particles  are  the  drag  force  and  inertia  force.  When 
a  particle  moves  towards  a  curved  Jet  stream,  the  forces  acting  on  the  particle 
in  addition  to  drag  and  inertia  forces  are  centrifugal  force,  lift  force 
in  the  longitudinal  direction,  and  drag  force  in  the  transverse  direction. 

Factors  holding  the  particle  in  the  jet  etream  are  the  lift  force 
created  by  the  velocity  distribution  and  the  transverse  drag  force  which 
resists  the  tendency  of  the  particle  to  move  across  the  jet  stream.  Neglecting 
wall  interference,  the  momentum  of  the  particle  becomes  the  dominating  factor 
for  the  particle  to  detach  from  the  jet  stream.  That  is,  when  the  momentum 
of  the  particle  overcomes  its  drag  force  in  the  transverse  direction,  the 
particle  will  flow  towards  the  apex  of  the  splitter  and  may  strike  the 
inactive  side  of  the  output  leg. 

EXPERIMENTAL  SET-UP  AND  TESTINGS 

For  the  experiment,  a  bistable  fluid  device  as  shown  in  Fig.  1  was 
constructed  of  plexiglas.  The  diamnslons  of  this  device  are  as  follow: 


Siae . 8.5"  long,  5.0'Vide,  1"  high 

Throat  area . 0.5"  deep,  0.5"  wide 

Throat  length . 3.0" 

Outlet  wall  angle . IS*  from  centerline 

Vents . 0.25"  downstream  from  the  splitter  apex 

Output  leg . 0.5"  wide,  0.5"  deep 


Also,  a  splitter  position  of  2  inches  away  from  the  centerline  of  the  control 
ports  was  used  as  a  result  of  an  earlier  study  (2) . 

Particle?  used  in  testings  were  round  in  nature  in  order  to  reduce 
the  complexity  Involved  in  motion.  The  average  weight,  diameter  and  density 
are  contained  In  Table  I. 


TYPE  OF 
PARTICLE 

WEIGHT 

gm 

DIAMETER 

cm 

VOLUME 

cm^ 

DENSITY 

gm/cm3 

Glass  Beads 

0.085 

0.370 

0.0265 

3.207 

Lead  Shot 

0.203 

0.330 

0.0188 

10.798 

Plastic  Beads 

0.039 

0.381 

0.0290 

1.345 

TABLE  I  The  Physical  Characteristics  of  Particles 
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Th«  teat  set-up  as  shown  in  Fig.  2  Included  s  plexiglas  tank  43.8  cm 
vide,  80-0  cm  long  and  41.3  cm  deep.  Clear  plexiglas  was  chosen  for  con¬ 
structing  the  tank  in  order  to  allow  observation  from  the  aides  and  the 
bottom  o!  the  tank.  It  also  made  possible  for  high  speed  movie  filming 
from  the  tank  bottom. 

City  tap  water  was  used  as  the  working  fluid.  The  depth  of  water  in 
the  tank  was  controlled  by  an  adju3tible  "morning  glory"  type  overflow 
drain. 


Tests  were  conducted  by  first  setting  the  supply  pressure  to  the 
device  and  then  measuring  flow  rates  tnder  steady  state  condition  by  timing 
and  weighing  of  the  overflow.  With  the  depth  of  submergence  set  at  a  con¬ 
trolled  level,  particles  were  Introduced  into  the  supply  port  of  the  device 
via  a  Y  connection.  Particles  were  placed  in  the  stream  one  at  a  time  in 
order  to  eliminate  possible  interaction  among  each  other.  A  collection 
trough  was  located  downstream  near  the  device  output  for  the  purpose  of 
collecting  particles  after  each  test  run.  When  sufficient  tests  were  con¬ 
ducted  for  one  flow  rate,  the  supply  pressure  was  changed  in  order  to  study 
the  same  phenomenon  under  a  different  flow  rate.  The  range  of  supply 
pressure  varied  from  3  palg  to  12  psig  which  provided  a  calculated  velocity 
range  from  5.25  feet  per  second  to  8.6  feet  per  second  at  the  throat  section. 

During  some  test  runs,  a  16  mm  movie  filming  at  the  rate  of  64  frames 
per  second  was  taken.  This  movie  was  then  viewed  at  the  rate  of  24  frames 
per  second  in  order  to  observe  a  greater  detail  of  the  particle  behavior  in 
the  device.  At  lower  supply  pressures,  the  motion  of  particle  was  clearly 
visible,  especially  at  the  region  downstream  from  the  throat  section, 
without  the  aid  of  the  high  speed  movie. 

EXPERIMENTAL  FINDINGS 


The  result  of  the  test  runs  is  shown  on  Fig.  3.  Each  point  on  the 
graph  represents  an  average  of  son  6  to  8  runs  for  a  given  supply  pressure 
setting.  We  notice  that  this  figure  contains  no  information  on  the  depth 
of  subNrgence.  Little  or  no  indication  was  shown  that  there  was  any  effect 
contributed  to  the  collecting  efficiency  by  the  depth  of  subNrgence.  This 
apparently  implies  that  hydrostatic  pressure  above  the  device  does  not 
affect  the  strength  of  entrainNnt  flow.  Nevertheless,  it  was  observed 
that  when  the  device  vas  not  fully  svdiNrged,  the  liquid  jet  would  split 
between  the  two  outputs.  But  as  soon  as  the  vents  were  subNrged  the  wall 
attadueent  phenomenon  took  place  imNdlately. 

A  comparison  of  collecting  efficiency  amon^,  three  types  of  particles 
used  in  the  testings  shows  that  the  lead  shot  recovery  rates  were  about  75Z ; 
the  recovery  rates  of  glass  beads  were  ranged  from  85%  to  90%;  and  plastic 
beads  were  close  to  100%  recovery  at  the  active  leg.  These  results  provide 
a  good  indication  that  the  density  of  particle  in  stream,  that  is,  the 
moNntum  of  the  particle  plays  an  Important  role  in  determining  the  collecting 
efficiency.  The  low  recovery  efficiency  of  the  lead  shot  is  caused  by  its 
high  density  thus  its  high  momentum,  as  coapared  to  particles  of  other  types. 
Thus  momentum  was  a  dominating  factor  in  deciding  the  forward  motion  of 
the  particle  relative  to  that  by  other  forces. 
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The  momentum  would  tend  to  cerry  the  particle  in  a  straight  line  dua 
to  the  relatively  long  straight  nocrle.  If  the  particle  struck  ths  splitter 
on  the  side  of  active  output,  the  particle  would  be  carried  out  the  active 
output.  However,  if  the  particle  struck  the  splitter  on  the  inactive  side, 
the  momentum  of  the  particle  would  then  have  to  overcome  the  strength  of  the 
reverse  flow  in  order  to  escape  through  the  inactive  output.  This  accounts 
for  the  observation  that  particles  which  entered  the  inactive  leg  were 
sometimes  forced  to  return  to  the  active  output ,  after  moving  in  a  circular 
motion  within  the  inactive  leg  near  the  splitter. 

Figure  3  shows  that  for  both  the  glass  beads  and  lead  shot  a  higher 
recovery  rate  was  observed  at  the  lower  flow  rates.  This  la  believed  to 
be  caused  by  the  lower  particle  momentum  which  could  not  overcome  the  strength 
of  the  reverse  flow.  The  reverse  flow  affects  the  lighter  particles  more 
than  the  heavier  ones.  This  also  leads  to  a  greater  collection  efficiency 
for  the  lighter  particles. 

Although  data  shown  reflects  tests  conducted  without  the  presence 
of  a  control  jet,  it  was  observed  that,  in  general,  recovery  rates  were 
higher  when  the  control  jet  was  present.  The  reason  is  the  control  jet 
momentum  can  serve  to  deflect  those  particles  which  tend  to  detach  from  the 
jet  stream. 

SUMMARY 


The  study  of  particle  flow  in  a  bistable  device  was  investigated 
in  this  paper.  The  results  indicate  that  wall  attachment  phenomenon  can 
affect  the  particle  flow  in  such  a  device. 

The  momentum  of  the  particles  plays  an  important  role  in  the  movement 
of  the  particle  in  the  fluid  stream.  Particles  of  lower  density  can  be 
collected  more  efficiently  than  higher  density  ones.  Lesser  collecting 
efficiency  was  caused  by  the  momentum  of  the  heavier  particles  which  dominates 
the  forward  motion  of  the  particle. 

Thus  for  a  particle  to  not  reach  the  active  output,  it  must  possess 
enough  momentum  to  not  only  escape  the  inactive  leg,  but  also  to  overcome 
the  reverse  flow. 

From  all  observations  it  was  found  that  recovery  rate  was  not  in¬ 
fluenced  by  the  depth  of  submergence.  Because  of  the  limitation  of  the 
test  tank,  a  steady  flow  condition  could  not  be  maintained  for  supply 
pressures  higher  than  12  psig,  this  leaves  the  question  of  "whether  or  not 
the  supply  pressure  affects  the  recovery  rate"  yet  to  be  answered. 
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SUPPLY  PRESSURE  (PSI6) 


Fig.  3  The  Collecting  Efficiency  ve. 


the  Supply  Preesure 
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ABSTRACT 


The  phenomenon  of  supersonic  boundary  layer  separation  and  subsequent 
reattachment,  with  particular  emphasis  on  Its  application  to  Fluidic/ 
Flueric  devices.  Is  briefly  explained. 

Details  are  provided  of  concepts  developed.  Including  monostable,  bl- 
stable  and  three  dimensional  devices  involving  operating  mediant  pre¬ 
ssures  and  temperatures  up  to  and  Including  5000  psla  and  6000  F.  Past, 
present  and  future  mlssl lo  systems,  utilising  the  phenomenon,  are  des¬ 
cribed  together  with  a  detailed  analysis  of  the  advantages  to  be  gained 
by  extrapolating  the  concept  to  vertical  lift  devices,  stabilised  plat¬ 
forms  and  decoy  systems. 

Although  an  attempt  has  been  made  to  be  informative  the  prime  objective 
of  the  paper  Is  to  stimulate  a  re-assessment  of  the  direction  In  which 
boundary  layer  control  appears  to  be  moving  In  this  field. 


Preeeiiai  pace  blank 
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INTRODUCTION 


This  paper  concerns  Itself  with  the  control  and  application  of  phenomena 
associated  with  supersonic  boundary  layers. 

The  research  Into  this  particular  aspect  of  Boundary  Layer  Control 
commenced  at  the  University  of  Strathclyde  In  the  early  I960fs  with  the 
intention  of  developing  an  alternative  form  of  missile  wing  surface 
control  system  to  that  already  In  existence.  The  system  was  somewhat 
unusual  In  that  it  was  to  be  completely  pneumatic  (operating  on  hot 
exhaust  gases,),  self-supporting  and,  more  Importantly,  was  to  form  an 
Integral  part  of  the  actual  wing  assembly. 

To  transfer  the  Idea  Into  a  working  proposition  It  was  necessary  to 
develop  a  control  device  capable  of  directing  hot  gas  supplied  at  super¬ 
critical  pressure  ratios  according  to  a  given  bandwidth  of  demand.  The 
prime  result  of  the  applied  effort  was  the  successful  development  of  a 
component  capable  of  switching  supersonic  jets  In  a  bistable  mode  by 
alternatively  venting  and  closing  control  vents  to  the  atmosphere. 
Furthermore,  a  fundamental  understanding,  together  with  an  Intuitive 
mathematical  solution  of  the  phenomenon  of  boundary  layer  separation  and 
reattachment  was  both  evolved  and  subsequently  substantiated. 

During  this  period  Interest  was  shown  in  the  development  by  Missile 
Companies  In  the  U.K.,  Scandanavla  and  the  U.S.A.  resulting  In  the 
design  and  development  of  various  permutations  on  the  original  theme. 
Applications  Included  Jet  reatlon  and  hot  gas  secondary  injection 
steering  of  missile  systems,  together  with  cold  gas  single  stage  power 
actuator  arrangements. 

Early  success  encouraged  further  exploration  of  the  phenomenon  leading 
to  the  construction  of  three  dimensional  thrust  vector  control  and  ver¬ 
tical  lift  devices.  Even  a  non-moving  part  single  element  thrust  and 
pressure  ratio  computer  suitable  for  gas  turbine  monitoring  require¬ 
ments  has  been  demonstrated. 

In  view  of  the  apparently  limitless  application  of  the  phenomenon,  an 
attempt  has  been  made  In  this  paper  to  outline  the  principles  Involved, 
devices  developed  and  possible  future  applications.  In  the  hope  that 
the  Interest  of  others  will  be  stimulated  to  a  sufficient  degree  to 
warrant  the  expenditure  of  their  own  effort,  thereby  reaping  benefits 
yet  unknown. 

To  obviate  a  totally  insular  presentation  a  list  of  references  detail¬ 
ing  the  efforts  of  others  known  by  the  Author  to  have  made  contribut¬ 
ions  in  this  field  have  been  Included  at  the  end  of  this  publication. 


BOUNDARY  LAYER  EFFECTS 


Separation 

Figure  I  describes  a  two  dimensional  convergent  divergent  duct  sub¬ 
jected  to  a  gas  flow  supplied  at  supercritical  pressure  ratio,  viz. 

Po/Pa  >2. 

Ordinarily,  propulsion  ducts  or  nozzles  are  designed  for  adapted  flow, 
l.e.  the  process  of  expansion  of  the  supersonic  gases  Is  allowed  to 
continue  until  the  pressure  at  exit  Is  Identical  to  ambient.  In  the 
case  shown,  the  duct  has  been  extended  beyond  this  critical  length  to 
the  degree  that  boundary  layer  separation  has  been  encouraged  to  occur. 

Process  is  basically  as  follows. 

The  Mach  number  of  gases  expanding  through  a  convergent-divergent  duct 
will  exceed  unity  provided  the  pressure  ratio  between  throat  of  supply 
reaches  a  clearly  defined  minimum  value  -  of  the  order  of  0.500.  The 
flow  In  the  divergent  portion  may  be  subdivided  Into  two  main  flow 
regions  -  main  stream  and  boundary  layer  flow.  The  former  Is  assumed 
to  be  invlscld  and  Isentroptc  with  zero  transverse  velocity  gradient, 
the  latter  viscous  flow  with  a  large  transverse  velocity  gradient.  The 
velocity  at  the  wall  of  the  duct  Is  zero  and  at  the  outer  edge  of  the 
boundary  layer  is  approximately  that  of  the  main  stream.  If  the  Mach 
number  of  the  main  stream  Is  In  excess  of  unity,  then  somewhere  In  the 
width  of  the  boundary  layer  occurs  a  stream  layer  moving  with  the  vel¬ 
ocity  of  sound  In  the  fluid.  Nowhere  In  the  main  stream  can  the  down¬ 
stream  conditions  be  transmitted  directly  upstream,  l.e.  the  main  flow 
has  no  Indication  of  the  conditions  appertaining  downstream  because  of 
Its  supersonic  velocity.  However,  the  fluid  trapped  between  the  sonic 
line  and  the  duct  wall  Is  conscious  of  the  prevailing  downstream  condi¬ 
tions  anu,  more  Important,  provides  a  feedback  path  for  this  Information. 

An  adverse  or  positive  pressure  gradient  will  cause  a  slowing  down  of 
the  subsonic  flow  stream  causing.  In  turn,  a  general  thickening  of  the 
boundary  layer,  l.e.  the  sonic  line  moves  nearer  the  centre  of  the  main 
stream.  If  the  adverse  pressure  gradient  Is  of  sufficient  magnitude 
the  boundary  layer  may  separate  from  the  duct  wall,  causing  a  series  of 
compressive  wavelets  which  combine  to  form  an  oblique  shock.  This  has 
a  distinct  effect  on  the  main  stream  flow.  Symmetrical  separation  Is 
shown  In  Figure  I. 

It  Is  Interesting  to  note  that  although  the  Interruption  to  flow  Is 
severe  the  resulting  thrust  from  the  situation  shown  Is  still  signifi¬ 
cant.  Naturally,  the  optimum  thrust  condition  occurs  when  duct  Is 
adapted,  with  a  loss  In  power  being  noted  either  side  of  this  position. 
Maximum  power,  however,  will  occur  when  the  gas  Is  on  the  point  of  sep¬ 
arating  at  the  exit  when  the  Immediate  pressure  in  the  stream  will  be 
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given  by 


pa/ps  -  Qkn/(n*2)}  *  ij  —————  (|) 

which,  for  most  situations  of  turbulent  boundary  layer  flow,  results  In 
an  amb lent/separation  pressure  ratio  near  to  2,  Further  expansion  by 
Increasing  the  length  of  the  duct,  however,  will  not  necessarily  result 
In  further  loss  in  thrust  simply  because,  under  Ideal  conditions,  the 
pressure  Immedlalely  after  separation  Increases  rapidly  to  ambient  there¬ 
by  minimising  pressure  drag.  It  should  be  remembered  also  that  rate  of 
change  of  momentum  is  still  Increasing  with  continuous  expansion  of  the 
gases,  substantially  negating  separation  losses. 

The  above  observations  are  considered  to  be  of  some  Importance  to  app¬ 
lications  detailed  later. 

A  unique  mathematical  evaluation  of  the  separation  problem  is  contained 
In  Appendix  I,  together  with  an  explanation  of  the  process  Involved.  It 
should  be  noted  that  the  theory  applies  to  both  laminar  or  turbulent 
flow  situations  and  provides  reasonable  approximations  to  three  dimen¬ 
sional  expansions. 

Re-Attachment 


Although  mathematically  elusive,  the  effects  of  boundary  layer  separa¬ 
tion  have  been  well  known  to  Aero  and  Gas  Dynamlcists  for  many  years. 

It  was  only  comparatively  recently,  however,  that  the  effects  of  gross 
over-expansions  were  fully  appreciated.  Figure  2  shows  a  duct  of  le¬ 
ngth  at  least  two  and  a  half  times  that  required  to  permit  ordinary 
boundary  layer  separation  to  take  place.  It  may  be  seen  that  subse¬ 
quent  to  separating  in  the  normal  way,  asymmetric  boundary  layer  reatt¬ 
achment  has  occurred  with  useful  consequences.  Before  exploring  these 
further  It  Is  considered  prudent  to  detail  the  factors  Influencing  the 
reattachment  process. 

Proceeding  from  the  conditions  of  symmetrical  separation  shown  In  Fig¬ 
ure  I,  the  developments  leading  to  reattachment  are  as  follows. 

Referring  to  Figure  2,  sketch  (a)  details  the  flow  situation  following 
a  step  input  of  applied  pressure  P0.  The  gas  may  be  seen  to  have  sep¬ 
arated  symmetrically  from  both  divergent  walls  describing  the  pressure 
distribution  shown.  The  flow  situation  Is  highly  unstable  due  to  tur¬ 
bulent  pressure  fluctuations  occurring  along  the  separated  stream  lines. 
Furthermore,  a  process  of  entrainment  occurs  along  these  exposed  edges 
because  of  vlsco/mo I ocular  attraction  creating  the  vortex  flow  Indicated. 
Naturally,  an  Increase  In  velocity  of  the  gas  in  these  areas  Is  accom¬ 
panied  by  a  reduction  In  pressure  thereby  Intensifying  the  transverse 
Instability  of  the  Jet.  Ordinarily,  the  process  will  prove  more  vlrl- 
lent  on  one  flank  to  the  detriment  of  the  other,  hence  encouraging  the 
growth  of  a  transverse  pressure  gradient.  The  pressure  which  origin¬ 
ally  caused  boundary  layer  separation  falls  In  sympathy  with  entrainment 
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pressure  and  so  the  position  of  separation  Iterates  downstream  In  a  con¬ 
tinuous  attempt  to  maintain  the  status  quo  as  shown  mathematically  In 
Appendix  I  and  pictorial ly  In  Figure  2(b).  The  combination  effect  of 
transverse  pressure  gradient  and  Intensifying  entrainment  encourages  the 
main  stream  to  move  toward  the  wall  adjacent  to  the  most  active  area, 
finally  culminating  In  reattachment.  The  vortex  or  reverse  flow 
region  is  at  maximum  Intensity  and  is  'locked  in',  resulting  in  a  stable 
flow  situation  which  may  only  be  destroyed  by  the  application  of  exter¬ 
nal  forces.  Figure  2(c)  Identifies  the  salient  flow  and  pressure  char¬ 
acteristics  which  are  further  amplified  in  Figure  3.  The  whole  process 
occu. s  in  approximately  one  millisecond. 


SPECIFIC  APPLICATIONS 

All  the  applications  detailed  briefly  below  depend  upon  the  separatlon- 
reattachmeit  phenomenon  discussed  previously.  Of  specific  Importance 
Is  the  relationship  which  exists  between  vortex  and  ambient  pressures, 
l.e.  the  former  being  substantially  lower  than  the  latter  at  any  real 
absolute  pressure.  The  first  six  applications  are  realities  In  that 
devices  have  been  made,  tested  and  Installed  In  systems.  Further  sub¬ 
stantiating  details  of  their  capabilities  are  provided  In  the  text. 

Bistable  Switch 

Referring  to  Figure  2c  It  may  be  seen  that  the  stable  flow  situation 
indicated  is  susceptible  to  external  Influences,  e.g.  the  placing  of  a 
suitably  sized  orifice  adjacent  to  the  latching  vortex  region  permits 
ambient  air  to  be  introduced  at  comparatively  high  pressure.  The  con¬ 
tinuous  entrainment  process  taking  place  in  the  region  will  have  access 
to  an  inexhaustible  supply  of  air  at  a  flow  rate  predescribed  by  the 
orifice  impedenee.  Ordinarily,  the  pressure  within  the  vortex  will  In¬ 
crease  carrying  with  It  physical  growth.  The  pressure  ratio  across  the 
Jet  decreases  causing  movement  toward  the  opposite  divergent  wall  as  a 
result  of  an  increase  In  curvature.  The  entrainment  process  between 
that  wall  and  the  Jet  free  surface  becomes  more  active;  pressure  drop 
more  Intense,  resulting  in  a  mirror  image  of  the  process  of  attachment 
detailed  earlier.  The  total  switching  process,  although  a  function  of 
orifice  (control  port)  area  may  be  caused  to  occur  In  less  than  one  ml  1 1— 
I second. 

Obviously,  the  placing  of  a  further  orifice  In  the  wall  to  which  jet  has 
switched  Its  allegiance  will  permit  a  reversal  of  the  process  to  take 
place  providing  the  original  control  port  Is  simultaneously  closed. 

Figure  5  shows  an  experimental  switch  with  a  supply  operating  range 
from  70  to  130  psl.  Devices  have  been  built  by  the  Author  to  operate 
on  pressures  up  to  2200  psla  and  temperatures  In  excess  of  3000°F.  In 
all  cases  air  at  atmospheric  conditions  was  the  sole  means  of  control 
power.  Worthy  of  note  Is  the  fact  that  control  air  Is  drawn  Into  the 
operating  region  and,  in  consequence,  the  control  circuit  Is  virtually 
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Isolated  from  the  main  power  medium.  Further  details  of  this  device 
are  contained  In  References  4,  12,  13,  14. 

A  considerable  amount  of  effort  was  applied  to  proving  that  the  sepa¬ 
ration  reattachment  region  may  be  Isolated  from  excessive  back  press¬ 
ures.  Details  of  the  experimentation  and  the  results  obtained  are 
shown  in  Reference  6.  The  amplifier  specifically  designed  was  used 
to  actuate  a  large  piston  against  substantial  loads.  A  frequency 
response  of  0  to  40  cycles/second  at  |  of  an  Inch  was  obtained  and 
a  piston  thrust  In  excess  of  200  lbs.~achleved.  The  device  was  ope¬ 
rated  simply  by  alternately  venting  the  control  ports  to  atmosphere. 
Figure  6  shows  a  diagram  of  the  circuit  Involved. 

Mono  Stable  Switch 

A  natural  extension  of  the  above  device  was  single  port  control  there¬ 
by  halving  the  control  requirements.  Although  the  power  consumption 
Involved  In  the  control  circuit  Is  minimal,  a  reduction  In  the  rela¬ 
tive  complexity  results  in  significant  advantages.  Figure  8  shows  a 
schematic  diagram  of  the  device.  The  geometry  has  been  modified  sli¬ 
ghtly,  as  shown  at  the  exit  of  the  throat.  The  setback  In  this  area 
provides  bias  to  the  expansion  of  the  main  gas  Jet  to  the  extent  that 
when  the  control  port  is  closed  the  jet  will  attach  to  the  adjacent 
wall..  Opening  of  the  control  port  encourages  switching  to  the  oppo¬ 
sing  divergent  wall  by  the  process  detailed  previously.  Subsequent 
closure  of  the  port  will  cause  the  gas  jet  to  return  to  Its  Initial 
position  due  to  the  effect  of  asymmetrical  geometry.  The  device  has 
much  the  same  capabilities  as  the  Bistable  Switch  In  that  It  will  ope¬ 
rate  at  extremely  high  pressures  and  temperatures  with  high  speed  of 
response. 

A  further  extension  of  the  research  has  shown  that  It  Is  quite  possi¬ 
ble  to  build  a  device  which  will  switch  from  one  divergent  wall  to  the 
other  at  a  pre-descrlbed  supply  pressure  without  the  assistance  of  con¬ 
trol  ports.  A  further  Increase  in  supply  pressure  will  cause  the  jet 
to  return  to  Its  original  position.  The  range  between  the  two  criti¬ 
cal  pressures  Is  variable  both  In  absolute  terms  and  In  relation  to 
supply  pressure. 


Missile  System  Application  and  Development 


The  concepts  detailed  in  previous  sections  may  be  applied  with  advan¬ 
tage  to  missile  control  schemes;  the  alien  environmental  conditions 
normally  associated  with  the  field  being  compatible  with  the  mode  of 
operation  of  the  devices  under  review.  Methods  employed  to  date  In¬ 

clude  secondary  injection,  Jet  reaction  steering,  a  combination  of 
both  and  direct  boundary  layer  control  of  missile  exhaust  flux.  Ob¬ 
viously,  there  are  further  ’Indirect'  applications,  e.g.  the  super¬ 
sonic  device  may  be  used  as  the  final  operating  element  In  a  piston- 
yoke  assembly  or  to  direct  gases  to  boundary  layer  bleed  areas  on 
missile  skin  or  control  surfaces.  Permutations  are,  apparently,  end¬ 
less  and  depend  upon  the  Immediate  need  and  the  resourcefulness  of  the 
designer. 
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An  attempt  Is  made  to  detail  concepts,  together  with  appropriate  appli¬ 
cations,  In  the  following  sections. 

Secondary  Injection 


Figure  8  shows  a  dlagramatlc  sketch  of  a  supersonic  bistable  device  In¬ 
stalled  In  the  vicinity  of  the  exhaust  nozzle  of  a  substantial  missile. 
The  mode  of  operation  Is  reasonably  evident.  Combustion  chamber  pro¬ 
ducts  are  bled  off  on  a  continuous  basis  to  a  series  of  possibly  four 
bistable  devices  which  are  operated  either  in  a' bang-bang'  or  pulse 
width  modulated  mode  directly  In  response  to  gyro  stabilisation  or  gui¬ 
dance  control  demands.  A  typical  design  consists  of  the  required  num¬ 
ber  of  amplifiers  being  vented  to  the  atmosphere  by  small,  electrically 
operated  solenoids;  the  basic  power  pack  being  batteries  rated  at  30 
volts  and  I  amp  for  a  duration  of  at  least  six  seconds. 

The  type  of  device  required  for  this  application  demands  special  atte¬ 
ntion  to  the  design  of  exhaust  impedence,  etc,  for,  invariably,  the 
point  of  Injection  into  the  missile  main  thrust  nozzle  Is  at  elevated 
pressures  in  comparison  with  prevailing  atmospheric  conditions. 


Typical  design  requirements  are: 


Valve  supply  pressure 
Inlet  Temperature 
Pressure  (impedence)  at  point 
of  injection  Into  missile  nozzle 
Range  of  ambient  pressure  to  be 
I  ncorporated 


1000  -  1 300  psla 
5000  -  6000° F 

150-500  psla 

14.7  -  8  psla 


Ordinarily,  secondary  Injection  control  concepts  may  be  subdivided  Into 
tour  basic  derivations  dependent  upon  auxiliary  power  source: 


(a) 

hot  gas 

(4000  -  60qp°F) 

(b) 

warm  gas 

(below  2500°F) 

(c) 

cold  gas 

(ambient  temperature) 

(d) 

liquid 

(ambient  temperature) 

(a)  Infers  tapping  main  engine;  (b)  and  (c)  ordinarily  Infer  the  carr¬ 
iage  of  a  secondary  charge  and  (d)  entails  a  regulated  gas/llquld  accu¬ 
mulator  system  or  possibly  tapping  of  main  fuel  tanks. 

Therefore,  questions  may  be  raised  regarding  the  efficiency  and  durabi¬ 
lity  of  a  system  which  incorporates  a  continuous  demand  cycle,  e.g.  flow 
through  the  device  Is  continuous  Immediately  upon  Ignition  of  main  pro¬ 
pulsion  system.  Figure  9  shows  the  results  of  a  parametric  study  re¬ 
lating  to  a  hyperthetical  missile  rated  at  30,000  -  50,000  lbs.  of  boost 
thrust  requiring  control  thrusts  ranging  from  150-500  lbs.  over  a  period 
of  some  six  seconds. 


It  may  be  seen  that  cold  gas  shows  the  least  advantage  in  overall  weight 
of  the  control  system  and  hot  gas  bleed  the  most  economical.  All  systems 
shown  which  may  be  controlled  in  a  discontinuous  manner,  i.e.  lending 
themselves  to  control  by  normal  on/off  valves,  are  rated  at  a  40#  duty 
cycle  whereas  warm  gas  and  hot  gas  systems  are  considered  on  a  100#  basis. 
The  total  weight  of  a  two  axis,  battery  source,  hot  gas  system  designed 
to  satisfy  the  above  requirements  approximates  to  24  lbs. 

It  may  be  noted  from  Figure  8  the  redundant  gases  emitted  by  the  valve 
are  being  exhausted  in  the  axial  sense.  In  reality,  some  additional 
advantage  may  be  obtained  by  venting  tangentially  through  the  skin  of 
the  missile.  A  combined  secondary  Injection  Jet  reaction  system  Is, 
thereby  obtained. 

A  monos table  design  has  been  conceived  which  satisfies  the  control  re¬ 
quirements  detailed  above  and  offers  the  obvious  advantages  of  halving 
the  actuating  requirements,  i.e.  only  one  electrically  operated  sole¬ 
noid  system  Is  required  per  hot  gas  valve.  A  system  of  intrlrslc, 
passive  pressure  feed  forward  is  required  to  overcome  transverse  impe¬ 
dance  problems  occurring  within  the  valve  and  the  imposition  of  adverse 
fluctuation  in  atmospheric  pressure.  It  is  worth  noting  that  all  sy¬ 
stems  using  warm  or  hot  gas  as  the  power  medium  impose  penalties  asso¬ 
ciated  with  accumulated  debris  resulting  from  combustion.  Apart  from 
'clogging*  fierce  erosion  usually  occurs  ana  r.ew  materials  or  methods 
of  manufacture  have  had  to  be  developed  in  concert  with  application  of 
fluerlc  control.  Figure  10  shows  a  device  which  underwent  warm  gas 
testing  for  a  period  of  four  minutes  Indicating  that  adequate  direct¬ 
ional  control  of  exhaust  material  may  be  obtained  for  quite  consider¬ 
able  periods  by  the  use  of  carbon  base  materials. 

Jet  Reaction  Steering 

Simple  jet  reaction  steering  involves  reversing  the  secondary  Injection 
design,  i.e.  exhausting  gas  through  missile  skin  for  a  control  phase 
ar.J  axially  when  in  the  passive  situation.  The  mass  flow  Involved  are 
larger  than  those  required  In  the  B.L.I.C.  concept  mentioned  previously 
as  substantial  lateral  thrusts  are  required  to  perform  abrupt  engage¬ 
ment  manoeuvres.  As  before,  some  augmentation  from  skin  boundary  lay¬ 
er  interference  Is  always  in  evidence  but  the  larger  percentage  of  power 
is  derived  from  momentum  considerations. 

The  design  of  such  a  valve  Is  simple  and  quite  straightforward  and  may 
be  derived  from  curves  typified  by  Figure  II  due  principally  to  the  fact 
that  exhaust  log  impedances  are,  to  all  intents  and  purposes,  similar, 
thereby  obviating  the  need  for  applying  specialised  matching  techniques. 
The  device  may  be  designed  to  be  self-compensating  for  altitude  changes 
by  judicious  selection  of  geometric  parameters  and,  in  consequence, 
successful  first  time  operation  may  be  expected. 
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Boundary  Layer  Interference  Control  (B. L.I.C.) 


Figure  12  shows  a  further  variation  on  a  theme  and  combines  jet  taction 
steering  with  boundary  layer  interference  control.  It  should  bo  noted 
that  only  one  wall  exists  In  the  device.  The  exhaust  flux  from  the  mo¬ 
nostable  amplifiers  provides  some  degree  of  lateral  thrust  by  Integrat¬ 
ing  rate  of  change  of  momentum  per  unit  time  but  provides  a  larger  mea¬ 
sure  of  thrust  augmentation  due  to  Its  effect  on  boundary  layer  flow  over 
the  missile  skin.  The  exhaust  flux  essentially  exerts  a  similar  Influ¬ 
ence  to  the  Imposition  of  an  obstruction  In  the  external  stream,  effect¬ 
ively  damming  the  local  flow  resulting  In  a  pressure  rise  upstream  of  out¬ 
let  orifice  which,  In  turn,  creates  a  transverse  force  on  the  missile. 

Such  a  system  could  have  application  to  a  trlm/glide  duty  cycle  require¬ 
ment  after  boost  phase  has  been  completed,  as  gas  requirements  are  rela¬ 
tively  small.  A  demonstration  prototype  missile  system  Is  shown  In 
Figure  13. 

Exhaust  Flux  Control 


All  the  devices  discussed  above  involve  the  control  and  utilisation  of 
gases  undergoing  two  dimensional  expansion,  a  logical  expansion  of  the 
effort  Is  obviously  the  development  of  three  dimensional  systems.  A 
specific  example  Is  the  direct  control  of  missile  main  nozzle  exhaust 
flux,  the  method  Involved  being  as  follows. 

The  exhaust  nozzle  Is  designed  for  gross  over-expansion  permitting  not 
only  separation  but  subsequent  reattachment  to  take  place;  an  obvious 
method  being  to  Increase  the  overall  length  of  the  nozzle  to  a  scale 
appropriate  with  achieving  the  necessary  degree  of  expansion  and  stabi¬ 
lity  of  reattachment. 

Conventional  nozzles  consist  of  circular  cross  section  and,  although  the 
phenomenon  still  applies,  reattachment  can  occur  anywhere  around  the  wall 
thereby  making  thrust  vector  control  extremely  complicated.  If  not  Impcx- 
ssible.  The  feasblllty  of  obtaining  mlsslln  thrust  vector  control  by 
muans  of  boundary  layer  control  In  an  over- expanded  nozzle  was  first  demo- 
strated  In  a  device  of  square  cross  section  In  the  U.K.  In  1964,  The 
results  are  shown,  diagrammatical ly.  In  Figure  14.  It  may  be  seen  that 
the  exhaust  gas  tended  to  attach  to  one  of  the  sides  of  the  nozzle  and, 
although  remaining  discreet  suffered  from  lack  of  Integrity  resulting  In 
low  thrust  efficiency.  Furthermore,  although  switching  by  atmospheric 
venting  was  shown  to  be  poss'ble  the  control  ports  tended  to  be  larje 
with  obvious  consequences  on  actuator  design. 

Rounding  of  the  corners  produced  a  most  Interesting  and  Important  result. 
The  gas  Jet  adhered  to  one  of  the  comers,  as  shown  In  Figure  15*  main¬ 
taining  a  high  degree  of  integrity  and,  hence,  controllability.  It  may 
be  seen  from  the  Figure  that  the  exhaust  jet  always  offers  allegiance  to 
the  control  port  which  Is  closed,  the  other  three  remaining  open.  Swit¬ 
ching  Is  effected  In  the  usual  manner  simply  by  closeng  vent  to  which  jet 
is  required  to  adhere  simultaneously  with  opening  vent  in  the  corner  to 
which  It  is  already  attached. 


In  a  correctly  designed  application  switching  time  Is  limited  only  by 
the  response  of  the  control  system  and  not  by  the  Inertia  of  the  gas 
attachment  phenomen  i  Itself.  Figure  16  shows  a  series  of  geometric 
shapes  which  have  iv  gone  exploratory  tests  and  Figure  17  indicates 

the  degree  of  cor  ^  hlch  may  be  exercised  over  such  a  device  simp¬ 

ly  by  closing  the  -v  njate  control  vent  to  the  atmosphere  by  the 
application  of  fine-  p  assure  alone.  Other  designs  have  been  test¬ 
ed  which  offer  advantages  In  terms  of  nozzle  length  and  efficiency  but 
these  may  not  be  offered  for  general  publication. 

Significant  advantages  offered  by  the  above  system  Include  high  late¬ 
ral  thrust  generation.  Immense  power  gains  and  fast  response.  Figure 
I  8  shows  the  results  of  tests  completed  to  date  with  a  nozzle  of  spe¬ 
cific  design  and  range  of  expansion  angles.  Lateral  to  axial  thrust 
ratios  of  30 i  are  Indicated  with  negligible  Input  control  demands. 
Typically,  a  missile  exerting  6000  lbs.  of  thrust  on  boost  has  a  1500 
lbs.  lateral  thrust  capability  using  this  method  providing  the  desi¬ 
gner  with  an  unusual  headache  as,  ordinarllly,  control  systems  exert 
too  little  rather  than  too  much  influence  on  missile  guidance. 

Perhaps  the  most  significant  result  applicable  to  this  area  of 
activity  is  the  relatively  high  axial  thrust  efficiency  to  be  obtai¬ 
ned  despite  the  gross  deviation  from  accepted  design  principles  which 
normally  apply  to  thrust  nozzles.  Furthermore,  a  correctly  designed 
system  Is  self-compensating  tor  changes  In  altitude  and,  therefore, 
has  direct  applicability  to  air  to  air  combat  missiles. 

Boundary  Layer  Lift  and  Thrust  Augmentation 

In  parallel  with  the  fluidic  device  type  developments  referenced  above, 
a  hign  degree  of  experimental  effort  has  been  applied  to  the  effect  of 
supersonic  gas  flows  on  aerofoil  type  sections  with  particular  empha¬ 
sis  on  the  generation  and  control  of  lift.  Figure  19  shows  a  cross- 
section  through  a  circular  flat  plate  over  which  gas  at  supersonic  ve¬ 
locity  Is  allowed  to  expand.  The  resulting  pressure  profile,  alth¬ 
ough  three  dimensional,  is  to  all  intents  and  purposes  Identical  to 
that  detailed  In  previous  Sections. 

Integration  of  the  shaded  area  determines  the  vertical  thrust  genera¬ 
ted  by  exhausting  gases  In  this  way.  Generating  lift  by  this  method 
is  relatively  inefficient  with  respect  to  direct  thrust;  the  former 
having  an  F/PoAf  of  approximately  0.5  which  is  to  be  compared  with 
1.3  -  1.4  for  an  adapted  be  1 1 -mouthed  nozzle 

where 

F  *  vertical  thrust 

PQ  -  stagnation  supply  pressure 

Af  -  area  of  throat 


If,  however,  the  flat  plat*  Is  replaced  by  a  conical  surface  the  value 
Increases  to  0.7  Theory  has  shown  that  free  three  dimensional  expan¬ 
sion  cannot  compare  In  lift  efficiency  with  two  dimensional  flow  hence 
the  device  shown  In  Figure  20  has  been  Investigated.  Optimisation  of 
the  geometric  profile  Involved  In  generating  lift  has  formed  the  basis 
of  the  effort  Involved. 

F/Po/At  values  In  the  range  1.3  -  1.4  have  been  recorded  with  specific 
prof!  les  over  a  range  of  pressures  PQ  of  80  psl  to  550  psl.  Due  to 
the  anticipated  application  efforts  were  centralised  around  130  psl 
which  could  logically  be  generated  by  a  gas  turbine  compressor  bleed 
system.  Although  the  thrust  factors  measured  compare  favourably  with 
tno*e  generally  hoped  for  In  a  well  designed  nozzle,  the  main  area  of 
Interest  is  In  the  method  available  to  control  lift  and  with  It  atti¬ 
tude. 

Attitude  Control 


The  nature  of  the  basic  vehicle  design  promotes  a  neutrally  stable  sit¬ 
uation  in  hover.  The  four  leg  cruciform  configuration  allows  two  axis 
attitude  control  to  be  readily  effected  by  varying  the  lift  on  one  or 
more  of  the  appropriate  lift  surfaces.  This  Is  accomplished  by  vent¬ 
ing  the  low  pressure  region  on  the  lifting  surface  to  atmospheric  pre¬ 
ssure  with  simple  vent  valves  which  can  be  proportionally  controlled 
in  a  continuous  or  time  modulated  manner.  The  nature  of  Jet  attach¬ 
ment  to  the  lifting  surface  Is  such  that  the  switch  from  the  lift  mode 
to  the  vent  mode  can  occur  In  0.001  second.  Assuming  axis  designa¬ 
tions  similar  to  those  on  conventional  manned  aircraft  the  lift  surface 
control  described  above  can  rotate  the  vehicle  about  Its  pitch  and  roll 
axes.  Yaw  control  can  be  effected  with  small  bleed  jets  or  trim  tabs 
In  the  compressor  bleed  air  flow  or  turbine  discharge  gas  flow.  Figure 
21  shows  an  artist's  Impression  of  a  man  carrying  vehicle  considered 
suitable  for  forward  area  surveillance. 

Advantages 

Assuming  that  a  gas  turbine  system  formed  the  basis  of  the  lift  vehicle 
shown  the  control  technique  Involved  offers  advantages  of  simplicity, 
cost  and  response  time  over  alternative  developments,  e.g.  helicopter. 
Jet  thrust  control  and  augmentation,  etc. 

The  engine  could  be  'run  up'  to  cruise  speed  relatively  slowly  on  a 
comparatively  simple  acceleration  schedule  with  all  control  vents  open. 
Although  the  engine  would  be  developing  full  power  corresponding  thrust 
would  be  Insufficient  to  cause  lift  off.  Closure  of  vents  would  pro¬ 
vide  a  step  Input  of  thrust  causing  lift  off  to  occur  In  approximately 
three  ml  1 1 Iseconds.  Horlzonal  f I Ight  would  be  generated  by  inclining 
vehicle  In  required  direction  of  motion  simply  by  time  modulation  of 
the  control  ports.  Altitude  control  would  be  similarly  effected. 

A  further  advantage  of  the  device  is,  of  course,  the  lack  of  rotor  and 
transmission  equipment  required  which  very  frequently  accounts  for  a 
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substantial  proportion  of  tha  ovarall  cost  of  any  yartlcal  lift  machine. 
Tha  vehlcla  Is  unlikely  to  prasant  any  constructional  difftcultlas  and 
It  must  ba  assumed  that  It  could  ba  aastly  concsalad  and  stored  on  board 
a  vassal  or  vehicle.  Ftgura  22  givss  an  Indication  of  tha  flight  enve¬ 
lope  which  nay  ba  expected  fron  tha  slnplest  design.  Figure  23  gives 
an  estlnata  of  related  oosts  botween  this  device  and  the  helicopter. 
Further  information  regarding  anticipated  pay  load  to  fuel  load  ratio  Is 
provided  In  Figure  24.  In  fairness  It  must  be  stated  that  the  hellcop- 
ter  shows  dlstlct  advantages  over  any  vertical  lift  machine  using  direct 
thrust  with  respect  to  fuel  consumption.  To  tha  author's  knowledge, 
apart  from  fixed  wing  aircraft,  there  Is  no  way  of  competing  with  tha 
lift  capabilities  of  a  well  designed  rotor  system. 

A  substantial  quantity  of  research  has  been  applied  to  optimising  the 
expansion  surface  with  respect  to  generating  lift.  However,  a  great 
deal  remains  to  ba  evaluated,  particularly  with  respect  to  the  effect 
of  vehicle/wlnd  velocity  -  an  attachment  phenomenon. 


OTHER  APPLICATIONS 


Lift  augn,yntaMon  for  arlcraft  faced  with  tne  problem  of  landing  on 
short  runways  at  high  elevation,  pressure  ratio  sensing,  flow  measure¬ 
ment  and  control,  power  actuation,  etc,  are  all  within  the  scope  of 
Involvement.  As  an  example,  consider  Figure  25  jet  attachment  through 
an  angle  of  90°  Is  shown  to  be  quite  stable  for  a  range  of  geometric 
parameters  and  pressure  ratios.  Indicating  that  thrust  directional  con¬ 
trol  may  be  obtained  with  some  gain  In  economy  over  more  conventional 
methods  thereby  providing  perhaps  a  broader  spectrum  of  design  possi¬ 
bilities. 

It  Is  postulated  that  the  range  of  application  of  the  phenomenon  dis¬ 
cussed  in  this  paper  Is  limited  only  by  the  skill  and  Ingenuity  of  the 
engineer  involved  and  if  some  Interest  has  been  kindled  the  effort  has 
been  worthwhile. 
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APPENDIX 


BP'EF  THEORETICAL  PREMISE 

Invoking  the  assumption  that  the  boundary  layer  reaches  a  position  of 
constant  velocity  at  the  point  of  Incipient  separation,  l.e.  true  phy¬ 
sical  separation  occurring  at  subsequent  deceleration  condition  a  sol¬ 
ution  may  be  evolved  as  follows. 

The  two  dimensional  Navler  Stokes  equations  may  be  simplified  to  the 
extent  of  equating  rate  of  change  of  momentum  to  the  resisting  force 
created  across  a  plane  perpendicular  to  the  boundary  layer  flow  dir-* 
action  between  the  limits  of  y  -  0  to  y  »  6S  where  6S  is  equal  to  tho 
transverse  boundary  layer  displacement  to  the  sonic  stream  line  from 
the  solid  boundary.  This  results  In  the  expression 

npU2/(n*2)M2  -  pb  -  p  -  (I) 

where  M  -  the  Mach  No.  corresponding  to  tnclptent  separation 
p  -  local  density 

n  •  the  power  Index  of  similarity  profile 
U  ■  main  stream  velocity  corresponding  with  M 
p  -  local  pressure,  l.e.  corresponding  to  M 

Eliminating  p  U  and  p  In  terms  of  Mach  No.  and  stagnation  supply  pre¬ 
ssure  PQ  by  utl  I  Ising  the  adiabatic,  Isentroplc  Identities  and  uni¬ 
versal  gas  equation,  expression  (I)  becomes 

m2  ■  2{<Ikn/(n*2)  ♦  Q.  (PD/Pa)  ->(k“l)/k  -|j/(k-l)  __  (2) 

where  k  ■  ratio  of  specific  heats. 

For  turbulent  boundary  layer  flow  with  air  as  the  base  fluid  n  -  7, 
k  •  1.4  and  (2)  simplifies  to 

[6.17  (Po/pa)0,286-5] 0,5  -  M  -  (3) 

Substitution  of  the  overall  pressure  ratio  (P0/pa)  acting  upon  a  sup¬ 
ersonic  fluidic  device  results  in  a  value  for  the  main  stream  Mach  No. 
at  the  point  of  boundary  layer  Incipient  separation.  Worthy  of  note 

Is  that  a  40)1  change  In  n  results  In  a  variation  of  the  Mach  No.  M 
of  only  IK. 

The  actual  position  of  incipient  separation  may  be  found  by  substitu¬ 
ting  determine  value  of  M  In  the  following  expressions. 
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^1  ♦  Qk-n/2]  M2  /(k*\)J2  (k“,) 


(4) 


A 

*7  " 


(A/At  -  I )  tn/2 


xf  ■  a  cosec  (o/2)  — — —  (6) 

where  x^  ■  distance  to  point  of  separation  along  divergent  wall 
measured  from  throat 

Af  ■  Area  of  throat 

tn  ■  Throat  width 

a  ■  Total  divergent  angle 

The  total  flow  sltjatlon  occurring  In  the  supersonic  bistable  device 
may  be  further  evaluated  by  solving  the  curved  shock/maln  flow  compa¬ 
tibility  situation  caused  by  the  separation  of  the  boundary  layer  from 
the  free  wall  l.e.  that  wall  having  separation  not  followed  by  reatta¬ 
chment.  Impingement  of  the  curved  shock  on  the  opposite  wail  causes 
separation  to  occur  prior  to  this  point  which  will  cause.  In  turn,  a 
further  oblique  shock  to  be  generated  as  shown  in  Figure  3  .  This 
resultant  shock  Interacts  with  the  original  curved  shock  tending  to 
Increase  the  radius  of  curvature,  resulting  In  a  minor  shift  of  the  re¬ 
attachment  point  which  modifies  the  whole  situation  In  a  process  akin 
to  a  control  feedback  compensating  loop.  Fortunately,  convergence  Is 
rapid  and  the  number  of  Iterations  of  the  shock  equations  required  is 
smal I . 


(  ) 


where  ■  distance  from  throat  to  position  of  separation.  Derived 
pressure  profile  shown  in  the  following  Figure. 
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Fig  8  MISSILE  WITH  SECONDARY  INJECTION 
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'Warm'  Gas  Device  After  Test 


Figure  10 
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Lift  Factor  -  Vertical  thruat  amplification 


Fig  22  LIFT  VEHICLE  PAYLOAD 
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F*  24  FLIGHT  TIME  AND  LIFT 


